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A.  Introduction 

The  subject  of  this  investigation  is  Type  1  neurofibromatosis  (NF-1),  which  is  an  inherited 
disease  that  occurs  at  a  frequency  of  approximately  1  in  3,000.  Two  types  of  tumors  are  evident 
in  this  disease:  relatively  benign  neurofibromas,  which  occur  as  subcutaneous  tumors,  and 
neurofibrosarcomas  (NFS),  the  more  invasive  and  aggressive  type  tumors  that  can  potentially  be 
life-threatening.  The  major  cell  type  that  proliferates  and  forms  either  of  these  tumors  is  the 
Schwann  cell.  Our  laboratory  has  obtained  and  developed  a  number  of  different  Schwann  cell 
lines  derived  from  neurofibrosarcomas  and/or  neurofibromas,  which  we  are  currently  using  to 
study  this  disease.  In  addition,  we  have  obtained  benign  Schwann  cell  tumors  (Schwannomas) 
from  patients  who  are  not  affected  by  NF-1  to  serve  as  controls  for  the  neurofibromatosis-derived 
Schwann  cells.  The  purpose  of  this  investigation  is  to  understand  the  molecular  mechanisms  that 
are  responsible  for  the  abnormal  proliferation  of  Schwann  cells,  which  characterizes  NF-1.  In 
particular,  we  would  like  to  understand  how  the  absence  of  neurofibromin  leads  to  changes  in 
intercellular  signaling,  which  ultimately  leads  to  a  sustained  proliferation  of  Schwann  cells. 

Our  approach  to  understanding  the  abnormal  proliferation  of  Schwann  cells  is  to  evaluate 
growth  receptor  expression  in  NF-derived  and  non-NF-derived  Schwann  cells.  The  presence  of 
additional  growth  factor  receptors  is  closely  related  to  increased  proliferative  potential  of 
Schwann  cells.  In  the  presence  of  the  appropriate  ligand  to  activate  the  receptor,  these  additional 
receptors  could  be  responsible  for  the  abnormal  proliferation,  which  is  observed  in  NF-derived 
Schwann  cells.  As  outlined  in  the  original  proposal,  we  proposed  to  manipulate  receptor 
expression  in  order  to  create  Schwann  cells  that  mimic  cells  obtained  from  NF-1  patients.  We 
also  extended  our  investigation  to  ask  whether  or  not  other  growth  factor  receptors  were 
overexpressed  in  these  cells  and  what  intercellular  metabolic  pathways  could  be  responsible  for 
increased  growth  factor  expression. 

We  are  also  documenting  signal  transduction  pathways  activated  by  growth  factor  receptor 
stimulation  as  well  as  the  functional  consequences  of  such  activation.  In  addition,  we  are 
characterizing  for  the  first  time  the  types  of  synthetic  enzymes,  adenylyl  cyclases  and 
prostaglandin  receptors,  which  may  play  key  roles  in  maintaining  the  abnormal  growth  factor 
receptor  expression  and  is  characteristic  of  Schwann  cells  derived  from  neurofibromas  and 
neurofibrosarcomas. 
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B.  Body 


This  section  of  the  progress  report  will  include  experimental  methods,  results,  and  discussion 
in  relation  to  the  statement  of  work  outlined  in  the  award  proposal.  Progress  in  achieving  the 
specific  aims  and  associated  tasks  will  be  reported.  In  addition,  we  will  document  further 
research  that  has  amplified  and  extended  the  original  tasks.  This  additional  research  is  entirely 
supportive  of  the  original  specific  aims.  The  statement  of  work  and  specific  tasks  from  the 
previously  funded  proposal  are  indicated  below: 

Statement  of  Work 


Specific  Aim  1: 

Effect  of  decreased  neurofibromin  expression  on  human  Schwann  cell  proliferation 

Task  1:  Culture  and  expansion  of  human  Schwann  cells;  determination  of  basal  proliferation 
levels. 

Task  2:  Transfection  of  human  Schwann  cells  with  oligonucleotide  antisense  to 
neurofibromin;  determination  of  the  optimal  conditions  for  viability  and  efficiency  of 
transfection;  Northern  blot  analysis;  proliferation  assay. 

Specific  Aim  2: 

Role  of  Kit  expression  in  NF-1  derived  Schwann  cell  proliferation 

Task  3:  Establishment  of  cultures  from  fi’ozen  stocks.  Verify  basal  doubling  time. 

Task  4:  Determination  of  optimal  conditions  for  transfection  for  each  NFl -cell  line; 
generation  of  clonal  transfected  cell  lines. 

Task  5:  Collection  of  RNA  for  determination  of  DN-Kit  transcript  level  of  expression; 
proliferation  assay. 

Task  6:  Northern  blot;  quantitation  of  DN-Kit  expression;  correlative  analyses  DN-Kit 
expression/level  of  proliferation. 

Specific  Aim  3: 

Effect  of  simultaneous  Kit  expression  and  neurofibromin  alteration  on  human  Schwann  cell 
proliferation. 

Task  7:  Determination  of  optimal  conditions  for  transfection  of  Kit  constructs  into  human 
Schwann  cells. 

Task  8:  Establishment  of  clonal  cell  lines;  determination  of  levels  of  Kit  expression  in  various 
clones;  proliferation  assay. 

Task  9:  Transfection  with  antisense  oligonucleotide  against  neurofibromin  of  Kit  expressing 
human  Schwaim  cells  selected  in  Task  8,  using  optimal  conditions  determined  in  Task  2. 
Proliferation  assay;  collection  of  RNA  for  Northern  Blot. 

Task  10:  Northern  blot  on  double  transfected  Schwann  cells.  Correlative  analysis  level  of 
Kit/neurofibromin  expression  and  proliferation. 

In  this  year  of  continuation  without  additional  funding,  we  have  taken  some  new  approaches 
to  imderstanding  the  role  of  growth  factor  receptors  in  the  proliferation  of  Schwann  cells  (SCs).  In 
order  to  understand  the  role  of  aberrant  expression  of  c-Kit  in  the  NFl-derived  Schwann  cells.  We 
decided  to  investigate  the  role  of  this  receptor  in  development.  The  results  of  this  study  are 


5 


documented  in  the  appended  manuscript  “The  Role  and  Developmental  Regulation  of  c-Kit  Receptor 
in  Normal  Human  Schwann  Cells  and  NFl -derived  Schwann  Cells.”  We  found  that  this  receptor  was 
expressed  in  a  manner  that  was  inversely  related  to  the  expression  of  neurofibromin.  Early  in 
development,  c-Kit  was  evident.  As  development  ensued,  c-Kit  expression  was  dramatically 
downregulated  while  neurofibromin  expression  was  upregulated.  We  had  already  reported  that  in  the 
absence  of  neurofibromin  in  the  adult  cells,  c-Kit  was  once  again  expressed.  Activation  of  the  c-Kit 
receptor  by  stem  cell  factor  prevented  programmed  cell  death  by  the  activation  of  the  Akt  pathway. 
Activation  of  the  c-Kit  by  stem  cell  factor  had  no  appreciable  effect  on  Schwann  cell  proliferation  or 
differentiation.  These  results  lead  us  to  conclude  that  other  growth  factors,  which  may  be  coupled  in 
an  unusual  manner  to  intracellular  pathways,  may  also  be  involved  in  the  abnormal  proliferation 
characteristic  of  NFl -derived  SC.  Therefore,  we  investigated  the  role  of  PDGF  signaling  pathways  in 
SC  as  detailed  in  the  attached  manuscript  “Stimulation  of  Intracellular  Signaling  Pathways  in 
Response  to  PDGF-BB  in  NF-1  Schwann  Cells.”  We  found  that  PDGF  activates  the  ERK  and  PI3K 
pathways  in  both  NFl -derived  SC  and  normal  human  SC.  Inhibition  of  the  PI3K  pathway  decreased 
the  proliferation  of  the  NFl-derived  SCs.  A  most  interesting  finding  is  that  the  addition  of  PDGF-BB 
to  the  NFl-derived  SC  lead  to  an  increase  in  intracellular  calcium,  which  was  not  observed  when  this 
comparable  experiment  was  carried  out  on  normal  human  SC. 

Phosphorylation  of  Calmodulin  Kinase  (CAMII)  was  also  induced  by  PDGF-BB  in  the  NFl- 
derived  SC.  Inhibition  of  CAMII  led  to  a  decreased  proliferation  of  the  NFl-derived  SC.  These 
results  were  interesting  because  they  showed,  for  the  first  time,  that  there  was  aberrant  calcium 
signaling  pathways  operative  in  the  NFl-derived  SCs,  and  that  these  signaling  pathways  may 
contribute  to  the  overall  proliferative  potential  of  these  cells. 

Since  cAMP  elevation  is  associated  with  increased  proliferation  and  activation  of 
prostaglandin  receptors  by  prostaglandins  or  from  thromboxane  receptors  by  thromboxanes,  leads  to 
elevation  of  cAMP,  it  was  of  interest  to  examine  prostaglandin  metabolism  as  it  relates  to  cAMP  in 
normal  SC  and  NFl-derived  SC.  In  our  first  study,  “Identification  and  Functional  Characterization  of 
Thromboxane  A2  receptors  in  SC”  we  reported  that  both  primary  rat  SCs  and  NFl-derived  SCs  have 
functional  thromboxane  A2  receptors.  Moreover,  activation  of  the  thromboxane  receptor  led  to  a 
sustained  calcium  mobilization  in  the  NFl-derived  SC  but  not  in  primary  rat  SC.  Furthermore,  the 
phosphorylation  of  this  transcription  factor,  CREB,  was  stimulated  by  the  activation  of  the 
thromboxane  receptors.  These  results  demonstrate  that  thromboxane  A2  activation  leads  to  CREB 
phosphorylation  in  a  manner  that  changes  the  intracellular  levels  of  calcium.  In  contrast,  stimulation 
of  these  same  receptors  in  primary  SCs  lead  to  increased  intracellular  cAMP  and  CREB 
phosphorylation  hut  no  changes  in  intracellular  calcium.  These  results  are  important  since  they 
demonstrate,  once  again,  another  altered  signaling  pathway  (that  of  thromboxane  A2  receptor) 
specifically  in  NFl-derived  SC.  Next  we  further  characterized  the  prostaglandin  metabolism  in  SCs 
in  our  next  manuscript,  which  has  been  submitted  to  the  Journal  of  Biological  Chemistry, 

“Activation  of  the  cAMP-dependent  Signaling  Cascade  in  Primary  Schwann  Cells  by 
Prostaglandins.”  First  we  investigated  the  type  of  prostaglandin  receptors  that  were  present  in  the 
SCs  and  foimd  that  the  EP2,  EP4,  and  IP  prostaglandin  receptors  were  all  expressed  at  the  level  of  the 
mRNA.  Furthermore,  stimulation  of  these  prostaglandin  receptors  with  the  appropriate  ligands 
resulted  in  a  dose-dependent  elevation  of  cAMP  in  primary  SCs.  Downstream  of  the  activation  of 
prostaglandin  receptor,  we  noted  the  phosphorylation  of  CREB  within  five  minutes  of  exposure  to  the 
cultured  primary  SC  to  prostaglandins.  This  study  is  important  because  it  showed  us  that  the  SCs 
contain  all  the  necessary  transduction  machinery  to  stimulate  an  increase  in  cAMP,  which  could  be 
related  to  SC  proliferation. 
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The  next  question  was  whether  or  not  prostaglandins  could  influence  cAMP  levels  in  NFl- 
derived  SC.  If  this  was  the  case,  and  the  cells  were  constituitively-producing  prostaglandins,  it  would 
result  in  a  constitutive  elevation  of  cAMP.  This  study  is  documented  in  a  manuscript  “NF-1  Schwann 
Cells  have  Elevated  cAMP  levels  and  increased  secretion  of  Prostaglandin  PGEl,”  which  has  been 
submitted  for  publication. 

Finally,  we  wished  to  understand  the  relationship  between  increased  cAMP  levels  and 
prostaglandins,  which  are  known  to  elicit  increases  in  intracellular  cAMP.  The  results  of  this  study 
are  in  the  manuscript  “NFl  Schwann  Cells  have  Elevated  cAMP  Levels  and  Increased  Secretion  of 
Prostaglandin  PGEl.”  First,  we  wished  to  imderstand  the  types  of  enzymes  that  synthesize  cAMP 
(adenylyl  cyclase).  We  carried  out  PCR  analysis  using  mRNA  isolated  from  normal  adult  human 
SCs  and  found  types  III,  IV,  and  IX  of  adenylyl  cyclase.  It  was  of  considerable  interest  to  note  that 
the  NFl -derived  SC  expressed  all  these  isotypes  in  addition  to  types  II,  V,  VII  and  VIII.  Therefore, 
the  increased  synthetic  potential  of  these  cells  may  be  related  in  some  way  to  the  elevated  cAMP 
levels,  which  are  characteristic  of  these  cells. 

In  order  to  investigate  the  role  of  prostaglandins,  we  first  evaluated  the  level  of  the  enzyme 
that  releases  the  enzyme  cytoplasmic  phospholypase  A2  (CPLA2)  in  the  normal  human  SCs  and  NFl- 
derived  SCs.  We  found  higher  levels  of  CPLA2  in  the  neurofibromatosis-derived  cells.  In  addition, 
the  key  synthetic  enzyme  of  prostaglandin  metabolism,  cyclooxygenase  (COX2)  was  also  elevated  in 
the  NFl-derived  SCs.  The  NFl-derived  SCs  also  expressed  the  additional  prostaglandin  receptors 
EP2  and  EP4,  while  the  normal  human  SC  expressed  only  the  EP2  receptor.  We  found  that  the 
addition  of  prostaglandins  to  NFl  SCs  gave  a  further  increase  in  cAMP  levels  and  increased  their 
proliferation.  This  proliferation  could  be  blocked  by  blocking  COX2  and  cAMP  metabolism.  These 
results  support  the  view  that  abnormal  prostaglandin  metabolism  leads  to  abnormal  cAMP  elevation, 
and  in  turn,  is  a  key  contributory  factor  to  the  increased  proliferation  noted  in  these  cells. 

C.  Key  Research  Accomplishments: 

•  c-Kit  is  expressed  at  high  levels  during  SC  development  when  proliferation  takes  place. 

•  Expression  of  c-Kit  and  neurofibromin  during  development  are  inversely  related;  c-Kit  is  highly 
expressed  in  early  development  whereas  nemofibromin  is  expressed  at  high  levels  only  in  later 
stages  of  development. 

•  MAP  Kinase  and  PI3  Kinase  pathways  are  activated  in  response  to  PDGF-BB  in  both  normal 
adult  hiunan  SC  and  NFl-derived  SCs.  There  is  no  increase  in  intracellular  calcium  in  normal 
human  SCs  stimulated  with  PDGF-BB,  whereas  similar  stimulation  of  NFl-derived  SCs  results 
leads  to  a  pronounced  increase  in  intracellular  calcium.  PDGF-BB  also  activates  CAMII. 

•  Inhibition  of  CAMII  decreases  the  proliferation  of  SCs.  Primary  SCs  express  the  mRNA 
transcripts  in  coding  EP2,  EP4,  and  IP  prostaglandin  receptors.  Stimulation  of  these  receptors 
with  PGEl,  PGE2  or  PGI2  produces  a  dose-dependent  elevation  of  cAMP.  Prostaglandin 
stimulation  of  SCs  also  produces  an  increase  in  the  active  form  of  the  cAMP  response  element 
binding  protein,  CREB. 

•  Thomboxane  A2  receptors  are  present  in  both  rat  SCs  and  an  NFl-derived  SC  line.  Activation  of 
the  thromboxane  A2  receptors  in  the  NFl-derived  SCs  produced  a  calcium  response  that  was  not 
observed  under  similar  conditions  in  normal  human  SCs.  The  phosphorylation  of  CREB  was  also 
stimulated  by  the  activation  of  the  thromboxane  A2  receptors. 


7 


•  Pronounced  elevation  of  cAMP  was  detected  in  both  primary  rat  SCs  (20  fold)  and  NFl -derived 
SCs  (15  fold)  when  the  cells  were  treated  with  an  agonist  that  activated  the  thromboxane  A2 
receptor. 

•  Normal  adult  human  SCs  contain  three  isoforms  of  adenylyl  cyclase. 

•  NFl -derived  SCs  contain  the  same  three  isoforms  of  adenylyl  cyclase  as  normal  human  SCs  plus 
an  additional  three  isoforms  of  adenylyl  cyclase. 

•  NFl -derived  SCs  express  higher  levels  of  cytoplasmic  phospholypase  A2  and  COX2  than  normal 
human  SCs.  NFl -derived  SCs  expressed  the  mRNA  for  both  the  EP2  and  EP4  prostaglandin 
receptor,  while  normal  human  SCs  express  only  the  EP2  receptor. 

•  Additional  of  exogenous  prostaglandins  to  NFl -derived  SC  induces  further  increases  in 
intracellular  cAMP.  Addition  of  exogenous  prostaglandins  to  NFl -derived  SC  induces  a 
proliferation  of  NF-1  SCs  . 

•  The  proliferation  of  NFl-derived  SCs,  in  response  to  PDGF-BB  can  be  decreased  by  inhibition  of 
COX2  and  Protein  Kinase  A. 


D.  Reportable  Outcomes: 
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Gollapudi  L,  Reinhard  S,  Vela  E,  Varga  J,  Raabe  TD  and  DeVries  GH  (2001)  “Developmental 
regulation  of  neuregulin  and  ErbB  receptor  expression  in  rat  DRG  neurons”  /o/ Neurochem,  Vol.  78, 
suppl.  1. 

Muja  N,  and  DeVries  GH,  (2001)  “The  Role  of  Prostaglandins  in  Schwann  Cell  Proliferation  during 
Wallerian  Degeneration”  J  of  Periph  Nervous  System,  Vol  6,  No.  3,  pi  62. 

•  Degrees  obtained  that  have  been  supported  by  this  award: 

Naser  Muja,  PhD  -  Neuroscience  Program,  Loyola  University  of  Chicago 

Currently  working  in  the  Laboratory  of  Dr.  Nancy  Ratner  at  the  National  Institutes  of  Health  in 

Bethesda,  Maryland 

Ian  Dang,  PhD  -  Cell  Biology,  Neurobiology  and  Anatomy  Program,  Loyola  University  of  Chicago. 
Currently  working  at  The  Scripps  Research  Institute  in  the  Laboratory  of  Peter  Hoyt,  SanDiego, 
California. 

•  Development  of  cell  lines,  tissue  or  serum  repositories: 

1.  T265  Cell  Line.  This  cell  line  was  developed  in  our  laboratory  from  a  neurofibrosarcoma  and 
has  been  used  by  several  laboratories  in  their  studies. 

2.  Cell  Lines  and  Development:  We  have  obtained  neurofibromas  from  three  different  NF 
patients,  and  are  currently  developing  cell  lines  derived  from  these  primary  tumors,  which  will  be 
labeled  36R,  313,  and  315. 

•  Funding  applied  for  based  on  work  supported  by  this  award:  Grant  proposal  submitted  to  US 
Army  and  Materiel  Command,  “Regulation  of  Intracellular  cAMP  by  Neurofibromin,”  submitted 
in  August  of 2001. 

£.  Conclusions: 

We  began  our  studies  of  Neurofibromatosis  with  the  finding  of  abnormal  expression  of  a 
tyrosine  Kinase  growth  factor  receptor,  c-Kit,  which  we  believe  could  be  related  to  the  abnormal 
proliferation  of  these  cells.  Work  completed  during  this  phase  of  the  grant  has  shown  that,  indeed,  c- 
Kit  in  normal  SCs  developmentally,  the  expression  of  c-l^t  appears  to  parallel  the  time  in  which  the 
cells  are  actively  dividing.  However,  activation  of  this  receptor  led  to  a  very  weak  proliferative 
response  and  seemed  to  be  more  involved  in  protecting  these  cells  fi'om  apoptosis  and  not  stimulating 
proliferation.  Therefore,  we  investigated  how  other  growth  factor  receptors  may  be  involved  in  the 
abnormal  proliferative  response.  We  found  that  abnormal  calcium  metabolism  was  shown  by  the 
NFl -derived  SCs  in  two  cases:  stimulation  of  the  thromboxane  A2  receptor  and  stimulation  of  the 
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PDGF-BB  receptor.  The  increased  calcium  appeared  to  be  very  closely  related  to  the  proliferative 
response,  since  using  specific  drugs  to  block  metabolic  pathways  upstream  or  downstream  of  the 
elevated  calcium  response  led  to  a  marked  decrease  in  proliferation.  Since  cAMP  is  known  to  be  a 
key  player  in  SC  metabolism,  we  investigated  the  role  that  it  may  play.  We  next  turned  to  the 
investigation  of  cAMP,  a  key  intermediate  in  SC  metabolism,  to  investigate  whether  or  not  it  could 
play  a  role.  First,  we  definitively  showed  that  the  NFl-derived  SC  had  a  marked  elevation  in  cAMP. 
Second,  we  believe  this  elevation  of  cAMP  comes  from  a  number  of  different  factors.  First,  there  is 
an  increased  synthetic  potential  in  these  cells  as  exhibited  by  increased  expression  of  adenylyl 
cyclase.  Secondly,  these  cells  have  elevated  levels  of  the  cytosolic  form  of  phospholypase  A2,  which 
provides  the  starting  arachidonic  acid  substrate  for  prostaglandin  synthesis.  In  turn,  prostaglandins 
are  secreted  at  high  levels,  interact  with  specific  receptors  that  are  expressed  at  higher  levels  on  the 
NFl-derived  SCs.  In  turn,  this  leads  to  elevated  cAMP  and  elevated  proliferation.  We  have  shown 
by  intervention  in  these  pathways  that  the  constitutive  expression  of  these  pathways  is  critical  for  the 
sustained  proliferation  of  these  cells. 

So  What? 

As  a  whole,  our  studies  have  given  new  insights  into  the  mechanisms  of  proliferation  in  NFl-derived 
SCs.  Abnormal  prostaglandin  metabolism,  cAMP  metabolism,  and  calcium  metabolism  are  all 
integrally  related  to  the  sustained  proliferation  of  these  cells.  In  turn,  therapeutic  intervention  in  these 
pathways  may  be  effective  in  helping  to  block  the  proliferation  that  is  characteristic  of  these  cells. 
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Abstract 

Previous  reports  have  demonstrated  the  presence  of  func¬ 
tional  thromboxane  A2  (TP)  receptors  in  astrocytes  and 
oligodendrocytes,  in  these  experiments,  the  presence  and 
function  of  TP  receptors  in  primary  rat  Schwann  cells  (rSC) 
and  a  neurofibrosarcoma-derived  human  Schwann  cell  line 
{T265)  was  investigated.  Immunocytochemical  and  Immuno- 
blot  analyses  using  polyclonal  anti-TP  receptor  antibodies 
demonstrate  that  both  cell  types  express  TP  receptors. 
Treatment  with  the  stable  thromboxane  A2  mimetic  U46619 
(10  p.M)  did  not  stimulate  intracellular  calcium  mobilization  in 
rSC,  whereas  T265  cells  demonstrated  a  calcium  response 
that  was  inhibited  by  prior  treatment  with  TP  receptor 
antagonists.  U46619  also  stimulated  CREB  phosphorylation 


on  Seri  33  in  T265  cells  and,  to  a  lesser  extent,  in  rSC,  To 
identify  potential  mechanisms  of  CREB  phosphorylation  in 
rSC,  we  monitored  intracellular  cAMP  levels  following  U46619 
stimulation.  Elevated  levels  of  cAMP  were  detected  in  both 
rSC  (20-foid)  and  T265  (15-fold)  cells.  These  results 
demonstrate  that  TP  receptor  activation  specifically  stimulates 
CREB  phosphorylation  in  T265  cells,  possibly  by  a  calcium- 
and/or  cAMP-dependent  mechanism.  In  contrast,  TP  receptor 
activation  in  rSC  stimulates  Increases  in  cAMP  and  CREB 
phosphorylation  but  does  not  elicit  changes  in  intracellular 
calcium. 

Keywords:  cAMP,  neurofibromatosis  type  1,  peripheral  nerve, 
Schwann  cell,  thromboxane  A2,  Wallerian  degeneration. 
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Thromboxane  A2  (TXA2)  is  a  labile  lipid  mediator  which  is 
synthesized  by  the  sequential  metabolism  of  arachidonic 
acid  by  cyclooxygenase  and  thromboxane  synthase 
(Smith  1992;  Halushka  et  al.  1995).  Thromboxane  A2  is 
produced  following  the  activation  of  a  variety  of  cell  types. 
The  subsequent  release  of  TXA2  into  the  extracellular 
environment  potently  stimulates  platelet  aggregation, 
smooth  muscle  constriction  and  hypertrophy,  and  cellular 
proliferation  (Vane  et  al.  1998).  The  abnormal  production 
and  release  of  TXA2  has  been  implicated  in  a  wide 
variety  of  thrombotic  and  vasospastic  disorders  (FitzGerald 
1991). 

The  receptor  for  TXA2  has  been  purified,  cloned  and 
sequenced  (Hirata  et  al.  1991;  Kim  et  al.  1992;  Nusing  et  al 
1993).  The  sequence  of  the  gene  indicates  that  the  receptor 
is  a  member  of  the  heptahelical  superfamily  of  G  protein- 
coupled  receptors.  Human  TXA2  receptor  (TP)  is  encoded 
by  a  single  gene  on  chromosome  19pl3.3,  which  can  be 
alternatively  spliced  to  produce  two  variants  of  exon  3 
encoding  the  C-terminal  tail,  TPa  and  TPp  (Raychowdhury 


et  al  1994;  Miggin  and  Kinsella  1998).  The  different 
C-terminal  regions  have  been  shown  to  influence  the 
mechanism  and  kinetics  of  receptor  desensitization  (Yukawa 
et  al.  1997;  Walsh  et  al.  2000)  and  internalization  (Parent 
et  al.  1999).  Thromboxane  receptors  have  been  shown  to 
couple  to  multiple  heterotrimeric  G-proteins  including  Gq 


Received  January  8,  2001;  revised  manuscript  received  March  28, 2001; 
accepted  March  29,  2001. 

Address  correspondence  and  reprint  requests  to  George  H.  DeVries, 
Hines  VA  Hospital,  Research  151,  Bldg  1,  Room  C423,  5th  Avenue  & 
Roosevelt  Rd,  Hines,  IL  60141,  USA.  E-mail:  gdevrie@orion.it-luc.edu 

^N.  Muja  and  S.  C.  Blackman  contributed  equally  to  this  work. 

Abbreviations  used:  CREB,  cyclic  AMP  response-element  binding 
protein;  DMEM,  Dulbecco’s  modified  Eagle’s  medium;  D-PBS, 
Dulbecco’s  modified  phosphate-buffered  saline;  Fura-2AM,  fura-2 
acetoxymethyl  ester;  G  protein,  GTP-binding  protein;  HEL,  human 
erythroleukemia  cell  line;  HESS,  Hank’s  balanced  salt  solution;  NaF, 
sodium  fluoride;  NDF,  Neu-differentiation  factor;  rSC,  primary  rat 
Schwann  cells;  SMP,  solubilized  platelet  membranes;  TP,  thromboxane; 
TXA2,  thromboxane  A2;  TXB2,  thromboxane  B2;  U46619,  9,11- 
dideoxy-9a,l  la-epoxymethanoprostaglandin  F2a 


446 


©  2001  International  Society  for  Neurochemistry,  Journal  of  Neurochemistry,  78,  446-456 


Schwann  cells  express  thromboxane  A2  receptors  447 


(Knezevic  et  al.  1993;  Allan  et  al  1996),  G12/13  (Offer- 
manns  et  aL  1994;  Allan  et  al.  1996;  Djellas  et  al.  1999)  and 
Gj  (Gao  et  al.  2001;  Ushikubi  et  al.  1994).  Also,  TPa 
couples  to  a  novel  high  molecular  mass  G  protein,  Gh 
(Vezza  et  al.  1999).  Activation  of  TP  receptors  has  been 
shown  to  modulate  intracellular  cAMP  levels  ([cAMPJi)  in 
platelets  and  transfected  Chinese  hamster  ovary  and 
HEK293  cells  (Hirata  et  al.  1996;  Walsh  et  al  1998; 
Cracowski  et  al.  2000).  To  date,  however,  there  has  been  no 
demonstration  of  the  TP  receptor  directly  coupling  to  Gs. 

In  addition  to  their  classical  identification  in  platelets  and 
smooth  muscle  cells,  TP  receptors  have  also  been  described 
in  astrocytes  (Nakahata  et  al.  1992),  myelinated  fiber  tracts 
(Borg  et  al.  1994)  and  oligodendrocytes  (Blackman  et  al. 
1998).  The  presence  of  TP  receptors  in  these  cells  suggests 
that  these  receptors  may  be  involved  in  normal  or  abnormal 
CNS  physiology.  Microglia  (Minghetti  and  Levi  1995)  and 
astrocytes  (Pearce  et  al  1989;  Bruner  and  Murphy  1993) 
have  been  shown  to  release  TXA2  following  activation  by 
bacterial  lipopolysaccharide  and  ATP,  respectively.  Thus, 
the  elevation  in  extracellular  pyrimidine  nucleotides  (Lang¬ 
ley  and  Pearce  1998)  and  microgliar  activation  seen 
following  CNS  tissue  damage  may  lead  to  the  release  of 
TXA2  and  the  subsequent  autocrine  or  juxtacrine  activation 
of  TP  receptors  in  the  CNS. 

In  comparison,  the  presence  and  function  of  TP  receptors 
in  peripheral  nerve  physiology  have  not  been  investigated. 
Evidence  supporting  the  potential  existence  of  TP  receptors 
stems  from  the  finding  that  macrophages,  which  are 
recruited  to  the  sites  of  peripheral  nerve  injury  to  remove 
debris  and  form  an  environment  that  is  conducive  to  nerve 
regeneration  (Beuche  and  Friede  1986;  Goodrum  et  al 
1994;  Brtick  1997),  release  inflammatory  cytokines  and  lipid 
mediators  such  as  prostaglandins  and  TXA2  (Rothwell  and 
Hopkins  1995;  Brock  et  al.  1999).  Evidence  also  exists  for 
the  endogenous  production  of  thromboxane  by  Schwann 
cells  (Constable  et  al.  1994).  Given  that  functional  TP 
receptors  have  been  identified  in  CNS  glia  and  that  sources 
for  thromboxane  exist  in  the  PNS,  we  hypothesized  that 
functional  TP  receptors  were  also  present  in  Schwann  cells, 
which  are  the  myelin-forming  cells  of  the  PNS.  Thus,  in 
these  experiments,  we  used  primary  Schwann  cells  isolated 
from  neonatal  rat  sciatic  nerve  (rSC)  and  a  human  Schwann 
cell  line  (T265)  to  determine  whether  Schwann  cells 
expressed  functional  TP  receptors. 

Materials  and  methods 

Isolation  and  culture  of  primary  rat  Schwann  cells 

Primary  rSC  were  cultured  from  neonatal  rat  sciatic  nerves  as 
described  by  Brockes  et  al  (1979).  Sciatic  nerves  from  2-day-old 
Sprague-Dawley  rat  pups  were  extracted  and  digested  enzymati¬ 
cally  with  0.3%  collagenase  (Serva)  in  serum-free  Dulbecco’s 
modified  Eagle’s  medium  (DMEM)  with  low  glucose  and  10  mM 


HEPES  for  3  h  at  37®C.  Following  digestion,  the  cells  were 
centrifuged  at  100  g  for  5  min,  resuspended  in  4-5  mL  of  low- 
glucose  DMEM  (1.0  g/L  glucose)  supplemented  with  3.7  g/L 
NaHCOa,  10  |xg/mL  gentamicin  and  5%  fetal  calf  serum.  Cells 
were  dispersed  (1  mL/dish)  into  100-mm  culture  dishes  containing 
an  additional  9  mL  of  the  same  medium.  Cells  were  maintained  in  a 
humidified  incubator  at  3TC  in  the  presence  of  5%  CO2  and  95%  air. 

The  following  day,  adherent  cells  were  rinsed  with  calcium-  and 
magnesium-free  Dulbecco’s  modified  phosphate-buffered  saline 
(D-PBS)  to  dilute  divalent  cations  in  preparation  for  differential 
adhesion.  The  rinse  media  was  aspirated  and  fresh  D-PBS  (4  mL) 
supplemented  with  0.2%  EDTA  was  added  to  the  cells.  After 
1  min,  the  culture  dishes  were  transferred  to  the  stage  of  an  inverted 
microscope.  Under  visual  inspection,  the  side  of  the  culture  dish 
was  tapped  gently  until  the  majority  of  the  primary  rSC  was 
dislodged.  Excess  incubation  in  collecting  media,  as  well  as  excess 
tapping,  increased  the  release  of  fibroblasts  from  cultureware. 
Furthermore,  rSC  directly  associated  with  fibroblasts  were  difficult 
to  dislodge  using  this  technique  and  were  omitted  to  minimize 
fibroblast  contamination.  Medium  containing  detached  primary  rSC 
was  collected  and  the  cells  were  concentrated  by  centrifugation 
(100  g,  5  min)  in  15  mL  centrifuge  tubes  containing  4-5  mL  of 
low-glucose  DMEM  to  improve  pellet  formation.  The  supernatant 
was  discarded  and  the  cell  pellet  was  resuspended  in  low-glucose 
DMEM  for  cell  distribution  to  cultureware.  Cultures  obtained  using 
this  method  were  estimated  to  consist  of  97-99%  primary  rSC 
according  to  their  phase  bright,  narrow,  bipolar  morphology  under 
microscopic  view.  In  some  cases,  primary  Schwann  cells  cultures 
were  treated  with  10  |xm  cytosine  p-D-arabinofuranoside  (Sigma, 
St  Louis,  MO,  USA)  for  24-48  h  to  eliminate  any  remaining 
fibroblasts. 

Culture  of  T265  cells 

A  human  Schwann  cell  line  (T265)  established  from  a  neurofi¬ 
brosarcoma  isolated  from  an  individual  with  neurofibromatosis 
type  1  was  maintained  by  continuous  culture  in  high-glucose 
DMEM  (4.5  g/L  glucose)  supplemented  with  5%  fetal  calf  serum, 
3.7  g/L  NaHCOa  and  10  |xg/mL  gentamicin  (Badache  et  al  1998). 
T265  cells  were  split  (1:5  dilution)  weekly  using  D-PBS 
supplemented  with  0.2%  EDTA  and  0.0025%  acetylated  bovine 
trypsin.  Cells  used  in  this  study  were  between  passages  18  and  22. 

Immunoblot  analysis 

Immunoblot  analysis  of  phosphorylated  CREB  (Seri  33)  was 
performed  according  to  the  procedure  of  Tabemero  et  al  (1998) 
with  some  modifications.  Cells  were  seeded  onto  six-well  culture 
clusters  at  a  density  of  1  x  10^  cells/well  and  serum  deprived 
overnight.  Cells  were  treated  with  low-glucose  DMEM  (primary 
rSC)  or  high-glucose  DMEM  (T265)  containing  10  |ljlm  of  the 
stable  TP  receptor  agonist  U46619,  200  jxM  3-isobutyl- 1 -methyl- 
xanthine,  and  1  mM  sodium  fluoride  (NaF)  for  0,  5,  10,  15,  30  or 
60  min.  Immediately  following  incubation  with  agonist,  200  |jlL  of 
lysis  buffer  [5  mM  Tris-HCl,  10%  glycerol,  1%  sodium  dodecyl 
sufate  (SDS),  2  mM  EDTA,  2  mM  EGTA,  1  mM  NaF  and  10  (xg/ 
mL  leupeptin]  was  added  and  the  cell  lysates  were  collected  from 
the  culture  plates  using  a  cell  scraper  and  placed  on  ice.  Lysates 
were  boiled  for  10  min  and  centrifuged  for  1  min  at  500  g.  Twenty 
micrograms  of  protein  was  loaded  in  each  lane  of  a  4-20% 
SDS-polyacrylamide  gel  (Novex,  Carlsbad,  CA,  USA).  Proteins 
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were  resolved  electrophoretically  and  then  transferred  to  a 
poly(vinylidene)  difluoride  (PVDF)  membrane.  Membranes  were 
incubated  in  PBS  containing  4%  milk  (PBS-MLK)  for  30  min  and 
transferred  to  a  solution  of  PBS-MLK  containing  rabbit  anti- 
phosphorylated  CREB  Seri 33  (1  :  1000  dilution,  Upstate  Biotech¬ 
nology,  Lake  Placid,  NY,  USA)  for  16  h  at  4°C.  Poly(vinylidene) 
difluoride  membranes  (DuPont,  NEN,  Boston,  MA,  USA)  were 
rinsed  in  PBS  (3x5  min)  and  incubated  in  PBS-MLK  containing 
horseradish  peroxidase-conjugated  goat  anti-rabbit  immunoglo¬ 
bulins  (1  :  5(X)0  dilution,  Transduction  Laboratories,  Lexington,  KY, 
USA)  for  1  h  at  room  temperature  (22°C).  Membranes  were  rinsed  as 
above  and  developed  using  Kodak  BioMax  II  film  and  Super  Signal 
chemiluminescent  reagent  (Pierce,  Rockford,  IL,  USA). 

Immunoblot  analysis  of  TP  receptor  expression  in  rSC  and  T265 
cells  was  performed  as  described  in  detail  previously  (Blackman 
et  al.  1999)  using  a  polyclonal  antibody  raised  against  a 
decapeptide  sequence  (HAALFEWHAV;  residues  89-98)  from 
the  first  extracellular  loop  of  the  receptor  protein  (Borg  et  al.  1993, 
1994).  Twenty  micrograms  of  cell  lysates  was  prepared  and 
resolved  as  described  above  for  phosphorylated  CREB.  Primary 
(1  :  1000)  and  secondary  (1  :  5000)  antibodies  were  diluted  in 
blocking  buffer  containing  0.05%  Tween-20.  Primary  and  second¬ 
ary  antibody  solutions  were  incubated  with  PVDF  membrane  for 
1  h  on  a  platform  shaker  at  room  temperature.  Protein  extracts  of 
solubilized  human  platelet  membranes  (SMP,  10  |jLg)  and  a  human 
erythroleukemia  cell  line  (HEL,  20  fxg)  were  used  a  positive 
controls  for  TP  receptor  protein  expression  (Mayeux  et  al.  1989; 
Borg  et  al.  1994;  Allan  et  al.  1996). 

Immunocytochemistry 

Immunocytochemical  analyses  of  TP  receptor  expression  in 
primary  rSC  and  the  T265  cell  line  were  performed  as  described 
previously  (Blackman  et  al.  1999)  with  some  modifications.  Cells 
were  grown  on  12-mm  cover  glasses  and  fixed  with  cold  methanol 
at  —  10°C  for  5  min.  Non-specific  immune  binding  sites  were 
blocked  by  incubation  with  10%  normal  goat  serum  diluted  in  PBS 
(PBS/NGS)  for  1  h.  Cells  were  then  incubated  with  primary 
antibody  raised  against  a  peptide  sequence  from  the  first 
extracellular  loop  of  the  TP  receptor  (P2Ab;  1  ;  50  in  PBS/NGS) 
for  1  h.  In  some  cases,  immunocytochemistry  was  performed  using 
a  primary  antibody  raised  against  the  purified  TP  receptor  protein 
(TxAb;  diluted  1  :  50  in  PBS/NGS).  Following  a  PBS  wash 
(3x5  min),  cells  were  incubated  with  fluorescein  isothiocyanate- 
conjugated  goat  anti-rabbit  antibody  (Santa  Cruz  Biotechnology, 
Santa  Cruz,  CA,  USA)  diluted  (1  :  100)  in  PBS/NGS  for  45  min. 
Cells  were  then  washed  using  PBS  and  mounted  using  FluoroGuard 
(Vector  Laboratories,  Burlingame,  CA,  USA).  Fluorescence  was 
visualized  using  a  Jenaval  microscope  equipped  for  epi- 
fluorescence.  Immunocytochemical  detection  of  phosphorylated 
CREB  (Seri  33)  in  the  T265  cell  line  was  performed  as  described 
previously  (Tabernero  et  al.  1998)  except  for  the  use  of  VIP 
(Vector  Laboratories,  Burlingame,  CA,  USA)  as  an  horseradish 
peroxidase  substrate. 

Radioligand  binding  assay 

Binding  of  [^H]SQ29,548  to  intact  primary  rSC  and  T265  cells  was 
evaluated  in  confluent  monolayers  of  cells  cultured  in  six-well 
plates.  Briefly,  cells  were  washed  gently  (2  x  1  mL)  with  warm 
phenol  red-free  Hank’s  balanced  salt  solution  (HBSS).  The  binding 


reaction  took  place  in  a  final  volume  of  1  mL  of  HBSS.  Following 
5  min  incubation  at  room  temperature  with  either  vehicle  (total 
binding)  or  20  ^jlm  unlabeled  SQ29,548  (non-specific  binding),  the 
cells  were  incubated  for  30  min  at  room  temperature  on  an  orbital 
shaker  with  various  concentrations  of  [^H]SQ29,548  (0.625- 
20  nM).  At  the  end  of  the  incubation  period,  the  cells  were  wavshed 
quickly  (2x2  mL)  with  ice-cold  HBSS  (wash  time  <  10  s).  The 
monolayers  were  solubilized  by  adding  1  mL  of  0.5  N  NaOH/0.5% 
SDS  and  incubating  on  an  orbital  shaker  for  5  min.  The  cell  lysate 
was  neutralized  by  adding  3  N  HCl  and  a  sample  was  retained 
for  protein  concentration  analysis  using  the  BCA  assay  (Pierce, 
Rockford,  IL,  USA).  The  receptor-bound  radioligand  was  measured 
by  liquid  scintillation  spectrometry.  Radioactivity  counts  were 
normalized  to  the  measured  protein  concentration.  Specific  binding 
was  calculated  as  the  difference  between  binding  measured  in  the 
absence  and  in  the  presence  of  20  p.M  unlabeled  SQ29,548. 
Analysis  of  radioligand  binding  data  was  performed  using 
GRAPHPAD  PRISM  3.0  (GraphPad  Software).  Saturation  curves 
were  subjected  to  non-linear  regression  analysis.  Curves  were  fit 
to  both  one-site  and  two-site  bindings  and  were  compared  with  an 
F-test.  Kd  and  were  determined  from  the  best  fit  equation. 

Digital  fluorescence  ratio  imaging  of  intracellular  calcium  using 
fura-2  acetoxymethyl  ester  ' 

Cells  were  seeded  onto  25 -mm  glass  coverslips  in  low-glucose 
DMEM  (primary  rSC)  or  high-glucose  DMEM  (T265  cells)  at  37°C 
in  the  presence  of  5%  CO2  for  6  h  and  then  serum  deprived 
overnight.  To  avoid  the  apoptotic  death  reported  in  serum-deprived 
Schwann  cells  (Delaney  et  al.  1999)  cultures  were  switched  to 
serum-free  medium  without  an  intermediate  rinse  step.  This  method 
allows  for  the  maintenance  of  primary  Schwann  cell  cultures  for  up 
to  18  h.  Cells  were  loaded  with  3  |xm  fura-2  acetoxymethyl  ester 
(Fura-2AM;  Molecular  Probes,  Eugene,  OR,  USA)  for  20  min  at 
37°C  in  HBSS  [inmM:  137.0  NaCl,  5.0  KCl,  2.0  CaCL,  L0MgSO4, 
0.44  KH2PO4,  0.34  Na2HP04(7H20),  20.0  Na"^  HEPES,  1.0 
NaHC03  and  5.0  glucose,  pH  7.4],  rinsed  twice  and  imaged  in 
the  same  medium  at  room  temperature  using  the  Zeiss  AttoFluor 
RatioVision  system  (Rockville,  MD,  USA).  Coverslips  were 
mounted  in  an  AttoFluor  chamber  with  a  maximum  holding 
volume  of  1  mL,  The  chamber  was  filled  with  1  mL  of  warm  HBSS 
and  mounted  onto  the  microscope  stage  of  a  Zeiss  Axiovert  135 
inverted  microscope  equipped  for  digital  fluorescence  microscopy. 
A  computer  image  of  the  cells  was  captured  using  an  ICCD  camera 
and  25-30  cellular  regions  of  interest  were  selected  to  be  digitally 
monitored.  Baseline  ratios  of  Fura-2  fluorescence  emission  at 
520  nm  were  measured  during  high-frequency  alterations  of 
334  nm  (Ca“^  bound)  and  380  nm  (Ca^  ^  free)  excitation  filters. 
Following  90  s  of  baseline  measurements,  10  |jlL  of  1  mM  U46619 
(Biomol,  Plymouth  Meeting,  PA,  USA),  a  stable  TXAt  mimetic, 
was  diluted  into  the  1  mL  holding  volume  («^10  jxM  final  con¬ 
centration)  and  assayed  for  a  change  in  Fura-2  ratio  for  90  s.  In 
some  experiments,  TP  receptor  antagonists  were  added  after 
baseline  measurements  were  obtained.  Thromboxane  receptor 
antagonists  BMS  180,291,  BM  13,505  were  generous  gifts  of  Dr 
K.  Stegmeier  (Boehringer  Mannheim  GmbH,  Germany).  The  TP 
receptor  antagonist  SQ29,548  was  obtained  from  Biomol.  Follow¬ 
ing  90  s  of  antagonist  treatment,  U46619  was  added  and  the  cells 
were  further  monitored  for  a  calcium  response.  In  the  absence  of  a 
calcium  transient,  10  |jim  ATP  (RBI)  was  added  to  elicit  a 
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physiologic  response  prior  to  termination  of  the  experiment.  All 
experiments  were  performed  in  triplicate.  Representative  experi¬ 
ments  are  reported  for  each  experiment. 

Determination  of  thromboxane  B2  levels  in  conditioned  medium 

Primary  rSC  and  T265  cells  were  seeded  onto  60-mm  culture  dishes 
at  80-85%  confluency.  Cells  were  rinsed  twice  with  low-glucose 
DMEM  (primary  rSC)  or  high-glucose  DMEM  (T265  cells)  and 
held  in  4  mL  of  serum-free  DMEM  medium  for  24  h  at  37°C  in  a 
humidified  incubator  (5%  C02/95%  air).  Conditioned  medium  was 
collected  and  assayed  indirectly  for  the  presence  of  TXA2  using  an 
ELISA  specific  for  TXB2  (Assay  Designs  Inc.,  Ann  Arbor,  MI, 
USA);  a  stable  metabolite  of  TXA2.  To  determine  TXA2  levels  in 
proliferating  rSC,  primary  rSC  were  seeded  onto  60-mm  culture 
dishes  as  described  above  and  stimulated  with  50  ng/mL  Neu- 
differentiation  factor  (NDF|B;  R  &  D  Systems),  a  potent  mitogen  for 
primary  rSC,  for  24  h.  Thromboxane  B2  was  not  detected  in  stock 
media  solutions  containing  5%  FBS. 

Determination  of  intracellular  cAMP  levels  ([cAMP]i) 

Primary  rSC  and  T265  cells  were  seeded  onto  24-well  culture 
plates  at  a  density  of  100  000  cells/well  in  low-glucose  DMEM 
(primary  rSC)  or  high-glucose  DMEM  (T265  cells)  and  then  serum 
deprived  overnight.  All  treatments  were  performed  using  serum- 
free  medium  containing  200  |jim  3-isobutyl- 1-metliylxanthine 
(Sigma).  Solutions  containing  concentrations  of  TP  receptor 
agonists  spanning  four  log  units  (1  nM  to  10  |ulm)  were  applied 
for  10  min  at  37®C.  Specificity  of  cAMP  changes  in  response  to 
U46619  was  determined  by  pre-incubating  cells  with  varying  doses 
of  the  TP  receptor  antagonist  BMS180,291  (10  nivi  to  10  fXM)  for 
5  min  followed  by  10  |xm  U46619  for  10  min  at  37°C.  Following 
treatment,  the  media  was  aspirated  completely  and  the  cells  were 
lysed  using  200  |xL  of  0.1  m  HCl  applied  for  1  h  at  room 
temperature  on  a  rotary  shaker.  Lysates  were  collected  in  500  |jiL 
centrifuge  tubes,  centrifuged  at  500  g  for  10  min,  and  used 
immediately.  [cAMPJi  were  determined  in  triplicate  using  the 
acetylated  version  of  a  direct  enzyme  immunoassay  kit  (Assay 
Designs,  Inc.,  Ann  Arbor,  MI,  USA)  according  to  the  manufac¬ 
turer’s  instructions.  Data  are  expressed  as  fold  elevation  of  cAMP 
over  the  basal  or  non-stimulated  state.  Mean  levels  of  cAMP 
content  for  each  condition  were  determined  by  averaging  values 
obtained  from  three  separate  assays. 

Results 

Identification  of  TP  receptor  protein  expression  in 
primary  rSC  and  T265  cells 

To  determine  whether  primary  rSC  and  T265  cells  expressed 
TP  receptors,  we  performed  immunocytochemical  and 
immunoblot  analyses  using  polyclonal  antibodies  raised 
against  either  the  purified  TP  receptor  protein  (TxAb)  or  a 
decapeptide  sequence  from  the  first  extracellular  loop  of  the 
TP  receptor  (P2Ab;  residues  89-98).  Both  primary  rSC  and 
T265  cells  demonstrated  immunoreactivity  for  TP  receptors 
(Fig.  1).  In  T265  cells,  TP  receptor  immunoreactivity  was 
detected  predominantly  on  the  cytoplasmic  membrane. 
Similar  immunoreactivity  was  obtained  in  T265  cells 
using  either  TxAb  (Fig.  la)  or  P2Ab  (Fig.  lb).  In  primary 


Fig.  1  Immunocytochemical  detection  of  TP  receptors.  T265  cells 
were  fluorescently  labeled  using  either  a  polyclonal  anti-TP  receptor 
antibody  (a,  1  :  50)  or  a  polyclonal  anti-peptide  antibody  (P2Ab; 
amino  acids  89-98)  (b,  1  :  50).  Incubation  of  primary  rSC  with  P2Ab 
(c,  1  :  50)  also  demonstrated  positive  immunoreactivity.  Incubation 
of  T265  cells  with  pre-immune  IgG  from  the  animal  used  to  create 
the  P2Ab  anti-peptide  antibody  did  not  produce  any  detectable 
immunoreactivity  (d).  antibody  immunoreactivity  was  visualized  using 
a  goat-antirabbit  secondary  antibody  conjugated  with  FITC  (1  :  100). 

rSC,  immunoreactivity  for  TP  receptors  was  localized 
throughout  the  cellular  cytoplasm  as  well  as  within  the 
nuclei  of  the  cells  (Fig.  Ic).  Cellular  immunoreactivity  was 
not  detected  using  a  pre-inmiune  IgG  obtained  from  the 
animal  used  to  generate  P2Ab  (Fig.  Id).  Similar  results  were 
obtained  using  pre-immune  IgG  from  the  animal  used  to 


SMP  rSC  T265  HEL 


Fig.  2  Identification  of  TP  receptor  in  protein  lysates  from  primary 
rSC  and  T265  cells.  Twenty  micrograms  of  protein  lysate  was 
resolved  electrophoretically  on  a  4-20%  polyacrylamide  gel  and 
transferred  to  PVDF  for  immunoblot  analysis.  Incubation  with  TXA2 
receptor  antibody  (1  :  1000  dilution)  revealed  immunoreactivity  for  a 
55-kDa  protein  in  lysates  from  primary  rSC  (lane  2)  and  T265  cells 
(lane  3)  that  corresponded  to  a  55-kDa  protein  found  in  lysates 
obtained  from  human  platelet  membranes  (SMP.  10  ixg;  lane  1)  and 
human  erythroleukemia  cell  line  (HEL,  20  jig;  lane  4).  Incubation  of 
PVDF  membranes  with  pre-immune  immunoglobulins  from  the  same 
animal  used  to  produce  the  anti-peptide  antibody  did  not  produce 
significant  immunoreactivity  in  any  of  the  lysates  tested  (data  not 
shown). 
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generate  TxAb  (data  not  shown).  To  confirm  that  primary 
rSC  and  the  T265  cells  expressed  TP  receptor  protein,  we 
separated  membrane  protein  extracts  using  SDS-PAGE  and 
analyzed  the  immunoblots  for  the  presence  of  TP  receptor 
using  the  P2Ab.  A  single,  prominent  immunoreactive  band 
was  present  at  55  kDa  in  both  primary  rSC  and  T265  cell 
extracts  (Fig.  2,  lanes  2  and  3).  As  a  positive  control  for  TP 
receptor  immunoreactivity,  a  protein  extract  of  human 
platelet  membranes  (Fig.  2,  lane  1,  SMP)  and  an  extract 
from  a  human  erythroleukemia  cell  line  (Fig.  2,  lane  4, 
HEL)  were  electrophoresed  in  parallel  with  Schwann  cell 
lysates.  The  immunoreactive  band  in  both  primary  rSC  and 
T265  lysates  co-migrated  with  immunoreactivity  found  in 
both  SMP  and  HEL  extracts  (55  kDa).  Thromboxane 
receptor  immunoreactivity  was  not  detected  in  lysates 
incubated  with  a  pre-immune  IgG  obtained  from  the  animal 
used  to  generate  the  TP  receptor  antibody  (data  not  shown). 
Collectively,  these  results  demonstrate  that  both  primary 
rSC  and  T265  cells  express  TP  receptor  protein. 

Radioligand  binding  analysis  of  TXA2  binding  sites  in 
primary  rSC  and  T265  cells 

To  determine  whether  the  protein  visualized  by  immuno- 
cytochemistry  and  immunoblot  analysis  represented  func¬ 
tional  ligand  binding  sites,  saturation  binding  of  the  specific 
TP  receptor  antagonist  [^H]SQ29,548  to  both  primary  rSC 
and  T265  cells  was  performed  using  adherent  cell  cultures 
(Fig.  3a, b).  These  experiments  revealed  a  single  class  of 
high-affinity  binding  sites  for  the  ligand  in  both  rSC  and 
T265  cells.  Primary  rSC  binding  sites  had  a  dissociation 
constant  (Kxy)  of  3.58  ±  3.2  nM  and  a  maximum  binding 
(^max)  of  2719.63  ±  830.9  fmol/mg  protein.  T265  cell¬ 
binding  sites  were  found  to  have  a  of  9.69  ±  7.46  nM 
and  a  Bniax  of  196.24  ±  72.08  fmol/mg  protein.  The  binding 
kinetics  of  both  rSC  and  T265  cells  are  comparable  with 
those  obtained  for  the  thromboxane  receptor  in  human 
oligodendroglioma  cells  (Ko  =  4.0  nM;  Blackman  et  al. 
1998),  1321N1  human  astrocytoma  cells  (^d  =  10.9  nM; 
Nakahata  et  al.  1992)  and  human  platelets  (A"d  =  7.3  nM; 
Hedberg  et  al.  1988). 

The  effect  of  TP  receptor  stimulation  on  intracellular 
calcium  levels 

Given  that  both  primary  rSC  and  T265  cells  demonstrated 
immunoreactivity  for  the  TP  receptor  as  well  as  binding  of  a 
receptor-specific  antagonist,  we  tested  the  functionality  of 
these  receptors  by  digital  fluorescence  calcium  imaging 
using  the  calcium-sensitive  dye  Fura-2.  Addition  of  the 
TXA2  mimetic  U46619  (10  |jlm)  produced  a  robust  calcium 
transient  in  the  T265  cell  line  (Fig.  4a).  In  contrast,  primary 
rSC  did  not  respond  to  10  |jlm  U46619  with  an  increase  in 
intracellular  calcium  (Fig.  4a).  Primary  Schwann  cell 
cultures  were  responsive  to  stimulation  with  10  |xm  ATP. 
Schwann  cells  isolated  from  Lewis  rats  have  been  shown  to 
produce  TXA2  (Constable  etal.  1994).  Thus,  we  hypothesized 


(a)  rSC  Saturation  Curve 


( b )  T265  Saturation  Curve 


[^H]SQ29,548  (nM) 


Fig.  3  Radioliganci  binding  analysis  of  primary  rSC  and  T265  cells. 
[^H]SQ29,548  binding  was  measured  in  the  absence  {total  binding) 
or  presence  (non-specific  binding)  of  20  |jlm  unlabeled  SQ29,548  for 
30  min.  Saturation  curves  demonstrate  the  difference  between  total 
and  non-specific  binding  (specific  binding),  (a)  Saturation  curve  for 
pH]SQ29,548  binding  to  primary  rat  Schwann  cells,  (b)  Saturation 
curve  for  pH]SQ29,548  binding  to  T265  cells.  Data  are  the  average 
of  two  (rSC)  or  four  (T265)  experiments  performed  using  triplicate 
determinations  of  total  and  non-specific  binding  for  each  experiment. 

that  the  lack  of  physiological  calcium  response  in  primary 
rSC  may  have  been  the  result  of  TP  receptor  desensitization 
due  to  endogenous  TXA2  production  and  release.  To  test  this 
possibility,  we  incubated  primary  rSC  with  indomethacin 
(100  mM)  for  24  h  to  inhibit  any  endogenous  TXA2 
production.  Primary  rSC  treated  with  indomethacin  did  not 
respond  to  U46619  stimulation  with  an  increase  in 
intracellular  calcium  (data  not  shown). 

Determination  of  TXA2  release  by  primary  rSC  and 
T265  cells 

To  determine  the  level  of  production  and  secretion  of  TXA2 
by  the  cells  used  in  this  study,  we  measured  TXA2  levels  in 
conditioned  medium  from  primary  rSC  and  T265  cells  after 


©  2001  International  Society  for  Neurochemistry,  Journal  of  Neurochemistry,  78,  446-456 


Schwann  cells  express  thromboxane  A2  receptors  451 


Fig.  4  Analysis  of  Intracellular  calcium  levels  following  TP  receptor 
stimulation,  (a)  Stimulation  of  T265  cells  and  primary  rSC  with  10  |ulm 
U46619  (arrow,  U)  elicited  a  robust  calcium  transient  in  T265  cells 
but  not  in  primary  rSC.  Primary  rSC  were  responsive  to  10  |jlm  ATP 
(arrow,  A),  (b)  Prior  treatment  of  T265  cells  with  the  specific  TP 
receptor  antagonist  BMS1 80,291  inhibited  calcium  transients  in 
response  to  10  |jlm  U46619  (arrow,  U)  in  a  dose-dependent  fashion. 
Complete  response  inhibition  was  observed  following  treatment  with 
10  BMS1 80,291  and  a  gradual  recovery  of  calcium  transients  was 
observed  with  decreasing  doses  of  the  antagonist.  In  comparison  to 
antagonist-naive  T265  cells  (a,  solid  tracing)  antagonist-treated  cells 
responded  to  U46619  with  less  synchrony  resulting  in  a  broadened 
calcium  tracing  (b,  solid  tracing)  or  several  peaks  (b,  dashed  tracing) 
indicative  of  variable  response  latencies,  (c)  Pre-treatment  of  T265 
cells  with  the  specific  TP  receptor  antagonist  BM1 3,505  inhibited  cal¬ 
cium  transients  in  response  to  10  |jlm  U46619  (arrow,  U).  Addition  of 
10  (jlm  ATP  (solid  and  dashed  tracings,  arrow.  A)  was  used  to  obtain 
a  physiologic  response  prior  to  terminating  the  experiment. 

24  h.  Using  an  ELISA  specific  for  TXB2,  a  stable  metabolite 
of  TXA2,  we  found  that  both  quiescent  and  actively 
proliferating  rSC  (50  ng/mL  NDFp  for  24  h)  did  not  release 
any  detectable  TXB2  into  the  medium.  In  contrast, 


conditioned  medium  from  T265  cells  contained  1.1  ng/mL 
TXB2.  The  concentration  of  TXB2  in  1  mL  of  conditioned 
medium  was  calculated  to  be  2.7  pM,  a  level  of  production 
several  orders  of  magnitude  lower  than  the  agonist 
concentrations  utilized  in  our  experiments. 

Effect  of  TP  receptor  antagonists  on  U46619-stimulated 
calcium  transients  in  T265  cells 

To  determine  the  specificity  of  U46619-mediated  calcium 
elevation  in  T265  cells,  we  treated  T265  cells  with  various 
doses  of  the  TP  receptor  antagonists,  BMS180,291  (Fig.  4b) 
and  BM13,505  (Fig.  4c).  For  each  individual  experiment,  a 
baseline  ratio  of  Fura-2  fluorescence  was  obtained  for  90  s 
followed  by  TP  receptor  antagonist  treatment  for  90  s. 
Following  180  s  of  ratio  measurement,  10  p-M  U46619  was 
added  to  the  cells  (arrow,  U).  In  the  absence  of  a  response  to 
U46619,  ATP  (10  pM,  arrow,  A)  was  added  in  several 
experiments.  A  dose-dependent  inhibition  of  U46619- 
stimulated  calcium  elevation  was  observed  using 
BMS  180,291.  For  the  highest  dose  of  BMS  180,291  tested 
(10  pM),  complete  inhibition  of  calcium  elevation  was 
observed.  Compared  with  antagonist-naive  T265  cells 
(Fig.  4a),  T265  cells  treated  with  1  pM  BMS  180,291 
exhibited  a  moderate  response  that  was  prolonged  in 
duration.  Analysis  of  individual  cell  tracings  reveals  a 
variable  response  onset  to  U46619  stimulation  (data  not 
shown).  A  similar  distribution  of  cellular  responses  across 
time  was  present  for  the  lowest  dose  of  BMS  180,291  tested 
(0.1  pM),  producing  a  broadened  calcium  transient  (data  not 
shown).  However,  in  the  case  of  0.1  pM  BMS  180,291,  no 
significant  inhibition  of  U46619-stimulated  calcium  eleva¬ 
tion  was  observed.  In  contrast  to  BMS  180,291,  the  TP 
receptor  antagonist  BM 13,505  inhibited  U46619-stimulated 
calcium  elevation  for  each  dose  tested  (Fig.  4c).  T265  cells 
remained  responsive  to  10  pM  ATP  (second  arrow,  A). 
Inhibition  of  calcium  elevation  in  T265  cells  following 
U46619  treatment  was  also  observed  using  10  pM  of  the  TP 
antagonist  SQ29,548  (data  not  shown). 

Effect  of  TP  receptor  agonists  on  [cAMPJi 
In  an  effort  to  identify  a  functional  response  for  TP  receptors 
in  primary  rSC  we  measured  [cAMPJi  following  treatment 
with  U46619.  Both  primary  rSC  and  the  T265  cell  line 
responded  to  U46619  treatment  by  an  increase  in  [cAMP]i 
following  10  min  of  stimulation  (Fig.  5a).  Elevations  in 
[cAMPJi  following  U46619  stimulation  were  dose  depen¬ 
dent  in  both  primary  rSC  (gray  columns)  and  the  T265  cells 
(black  columns).  Compared  with  non-stimulated  conditions, 
the  T265  cell  line  exhibited  a  12-  to  14-fold  elevation  in 
[cAMP]i  at  the  maximum  concentrations  of  U46619  tested 
(1  and  10  pM).  Similarly,  in  primary  rSC,  [cAMP]i  was 
elevated  between  14-  (1  pM)  and  22-fold  (10  pM)  over  basal 
conditions  following  stimulation  with  U46619.  In  both  rSC 
and  T265  cells,  elevations  in  [cAMP]i  in  response  to 
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Fig.  5  Dose-dependent  elevation  of  [cAMP]j  following  TP  receptor 
stimulation.  T265  cells  and  primary  rSC  treated  with  U46619  exhib¬ 
ited  a  dose  dependent  elevation  in  [cAMP]j  following  10  min  of 
receptor  stimulation  in  the  presence  of  200  |jlm  3-isobutyl-1 -methyl- 
xanthine  (a).  BMS1 80,298  inhibited  cAMP  accumulation  in  response 
to  10  jxM  U46619  in  a  dose-dependent  manner  in  both  cell  types  (b). 
For  both  cell  types,  maximum  [cAMP]i  were  obtained  using  either  10 
or  1  [LM  doses  of  U46619.  Error  bars  represent  the  SEM  of  three 
separate  experiments.  Basal  levels  of  cAMP/100  000  cells  were  1.4 
and  2.7  pM  for  primary  rSC  and  T265,  respectively. 


U46619  stimulation  were  inhibited  by  the  TP  receptor 
antagonist  BMS  180,291  in  a  dose-dependent  fashion 
(Fig.  5b).  Basal  levels  of  cAMP/100  000  cells  were  1.4 
and  2.7  pmol  for  primary  rSC  and  T265,  respectively. 

Phosphorylation  of  CREB  on  Serl33  following  TP 
receptor  stimulation 

To  determine  whether  the  intracellular  levels  of  calcium  and 
cAMP  in  rSC  and  T265  cells  were  sufficient  to  stimulate 
downstream  signaling  events  to  a  significant  degree,  we 
performed  immunoblot  analyses  of  CREB  phosphorylation 
following  TP  receptor  stimulation.  The  addition  of  10  piM 
U46619  produced  an  elevation  in  CREB  phosphorylation  on 
Serl33  in  both  primary  rSC  and  the  T265  cell  line  (Fig.  6). 
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Fig.  6  Time  course  of  CREB  phosphorylation  on  Seri 33  following 
TP  receptor  stimulation  with  10  p.M  U46619.  T265  cells  and  primary 
rSC  were  stimulated  with  10  |jlm  U46619  for  0,  5,  10,  15,  30  or 
60  min  and  then  lysed  in  preparation  for  immunoblot  analyses  of 
CREB  phosphorylation.  Immunoblot  analyses  demonstrate  that 
CREB  was  phosphorylated  within  5  min  of  stimulation  in  both  T265 
cells  (a)  and  primary  rSC  (b). 


Cyclic  AMP  response-element  binding  protein  phosphoryla¬ 
tion  was  strongly  elevated  in  T265  cells  following  5  min  of 
stimulation ’(Fig.  6fi).  Cyclic  AMP  response-element  bind¬ 
ing  protein  phosphorylation  was  also  detected  in  primary 
rSC  following  5  min  of  treatment  with  maximal  levels 
achieved  following  10  min  of  stimulation  (Fig.  6b).  In  both 
cell  types,  the  level  of  CREB  phosphorylation  remained 
elevated  for  at  least  45  min  with  a  decrease  towards  basal 
levels  after  60  min  of  stimulation.  In  T265  cells,  a  second 
immunoreactive  band  was  detected  below  that  correspond¬ 
ing  to  phosphorylated  CREB  at  later  time  points 
(15-60  min).  The  identity  of  this  second  immunoreactive 
band  has  been  shown  to  correspond  to  ATF-1,  a  molecule 
related  to  CREB  family  of  transcription  factors  (Ginty  et  al, 
1993).  Interestingly,  CREB  was  phosphorylated  to  a  higher 
degree  in  T265  cells  than  in  primary  rSC.  Using  identical 
protein  concentrations  and  immunoblotting  conditions, 
immunoblots  of  phosphorylated  CREB  using  T265  lysates 
routinely  required  10-fold  less  exposure  (30  s)  than  primary 
rSC  lysates  (5  min)  for  significant  signal  to  develop.  To 
further  characterize  the  extent  of  CREB  phosphorylation 
following  U46619  stimulation,  we  performed  immunocyto- 
chemistry  using  the  T265  cell  line.  Compared  with  back¬ 
ground  levels  of  immunoreactivity  (Fig.  7a),  unstimulated 
T265  cells  demonstrated  low  levels  of  basal  CREB  phos¬ 
phorylation  in  the  nucleai*  cytoplasm  (Fig.  7b).  Stimulation 
with  10  |JLM  U46619  for  15  min  produced  a  significant 
increase  in  nuclear  immunoreactivity  in  these  cells 
(Fig.  7c).  Significant  differences  in  nuclear  staining  inten¬ 
sity  for  phosphorylated  CREB  were  not  observed  between 
non-stimulated  primary  rSC  and  primary  rSC  treated  with 
U46619  (data  not  shown),  consistent  with  the  observation 
that  immunoblot  analyses  of  phosphorylated  CREB  in 
primary  rSC  required  10-fold  longer  exposures  than  in 
T265  cells. 
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Fig.  7  Stimulation  of  CREB  phosphorylation  on  Ser133  following  TP 
receptor  stimulation.  Compared  with  labeling  with  secondary  anti¬ 
body  alone  (a),  unstimulated  T265  cells  demonstrated  low,  basal 
levels  of  nuclear  immunoreactivity  for  phosphorylated  CREB  (b, 
arrowheads).  T265  cells  stimulated  with  10  julm  U46619  for  15  min 
demonstrated  increased  nuclear  immunoreactivity  for  antibodies 
raised  against  CREB  phosphorylated  on  Seri 33  (c,  arrowheads). 


Discussion 

In  this  report,  we  demonstrate  that  both  primary  rSC  and 
T265  cells  express  TP  receptors  using  immunochemical  and 
functional  approaches.  Immunoblot  analyses  reveal  the 
presence  of  a  55-kDa  protein  that  is  reactive  with  an 
antibody  raised  against  both  a  TP  receptor  decapeptide 
sequence  (P2Ab)  and  purified  human  platelet  TP  receptor 
(TxAb)  (Fig.  2).  Immunocytochemical  analysis  using  both 
of  these  antibodies  demonstrated  specific  immunoreactivity 


(Fig.  1).  Of  note,  although  both  primary  rSC  and  T265  cells 
were  labeled  on  the  cytoplasmic  membrane,  only  primary 
rSC  demonstrated  staining  of  both  the  nuclear  and 
cytoplasmic  membranes.  Recent  reports  have  identified 
functional  EP2,  EP3  and  EP4  prostaglandin  receptors  within 
the  nuclear  envelope  of  HEK  293  and  porcine  cerebral 
micro  vascular  endothelial  cells  (Bhattacharya  et  ai  1998, 
1999).  These  findings,  along  with  the  data  presented  here, 
raise  the  interesting  possibility  that  TP  receptors  may  also 
be  present  within  the  nuclear  envelope  in  Schwann  cells  and 
in  other  cell  types. 

Experiments  were  performed  to  evaluate  the  ability  of 
intact  rSC  and  T265  cells  to  bind  a  TP  receptor  ligand 
([^H]SQ29,548).  The  results  demonstrated  that  rSC  cells 
express  2719  fmol  of  receptor  per  mg  protein  with  a 
value  of  ~  3.6  nM.  T265  cells,  however,  exhibit  —  196  fmol 
of  receptor  per  mg  protein  with  a  value  of  «9.7  nM. 
These  data  reveal  a  13”fold  difference  in  receptor  density 
between  primary  rat  and  tumor-derived  human  Schwann 
cells.  It  is  possible  that  the  lower  receptor  density  seen  in 
T265  cells  is  due  to  altered  expression  of  native  protein 
secondary  to  transformation.  Alternatively,  it  is  possible  that 
the  T265  cell  behaves  as  a  less  differentiated  form  of 
Schwann  cell  and  that  TP  receptor  expression  varies  with 
cell  differentiation.  It  should  be  noted,  however,  that  the  Kiy 
for  both  Schwann  and  T265  cells  reported  here  are 
comparable  with  values  observed  in  human  platelets  as 
well  as  in  astrocytoma  and  oligodendroglioma  cell  lines 
(Nakahata  et  at.  1992;  Blackman  et  al.  1998). 

Functional  characterization  of  TP  receptors  revealed  that 
distinct  intracellular  signaling  mechanisms  were  activated 
following  receptor  activation  in  these  two  cell  types  (Figs  4 
and  5).  Receptor  stimulation  with  the  stable  TXA2  mimetic 
U46619  produced  a  robust  calcium  transient  in  T265  cells 
that  could  be  inhibited  by  prior  treatment  with  several 
different  TP  receptor  antagonists.  In  contrast  to  T265  cells, 
stimulation  with  U46619  did  not  elevate  intracellular 
calcium  in  primary  rSC.  Interestingly,  TP  receptor  stimula¬ 
tion  also  produced  a  specific,  dose-dependent  elevation  in 
[cAMP]i  in  T265  cells  as  well  as  in  primary  rSC. 
Furthermore,  a  time-dependent  elevation  in  the  level  of 
CREB  phosphorylation  on  Seri  33  was  also  detected  in  both 
T265  cells  and  primary  rSC.  Cyclic  AMP  response-element 
binding  protein  phosphorylation  can  be  stimulated  by 
diverse  intracellular  mechanisms  that  include  both  calcium- 
and  c AMP-dependent  signaling  pathways  (Montminy  1997; 
Shaywitz  and  Greenberg  1999).  Because  U46619  stimulated 
an  elevation  in  intracellular  calcium  and  [cAMPJi  in  T265 
cells,  it  is  possible  that  one  or  both  of  these  signaling 
pathways  contributed  to  the  subsequent  phosphorylation  of 
CREB.  However,  because  U46619  stimulation  did  not  affect 
intracellular  calcium  levels  in  primary  rSC,  it  appears  that 
CREB  was  phosphorylated  mainly  by  a  cAMP-dependent 
mechanism  in  these  cells.  Compared  with  primary  rSC, 
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CREB  was  phosphorylated  more  rapidly  and  to  a  higher 
degree  in  T265  cells  (Fig.  6a),  suggesting  that  calcium 
elevation  following  U46619  stimulation  may  contribute 
significantly  to  CREB  phosphorylation. 

Physiologic  factors  which  stimulate  cAMP  in  Schwann 
cells 

It  is  well  established  that  elevations  in  [cAMPJi  in  Schwann 
cells  have  profound  effects  on  Schwann  cell  physiology 
(Sobue  and  Pleasure  1984).  The  plant  diterpene  forskolin, 
cholera  toxin  and  non-hydrolyzable,  cell-permeant  analogs 
of  cAMP  are  the  most  common  pharmacological  compounds 
used  to  elevate  [cAMP]i  in  primary  rSC  (Yamada  et  al. 

1995) .  However,  despite  the  frequent  application  of  these 
pharmacologic  agents  in  Schwann  cell  biology,  the  absolute 
[cAMPJi  that  are  attained  by  these  non-physiologic  means 
have  yet  to  be  determined  and  few  physiologic  factors  that 
stimulate  cAMP  accumulation  in  primary  rSC  have  been 
identified.  Schwann  cells  have  been  shown  to  respond  to 
both  p-adrenergic  ligands  (Yasuda  et  al.  1988)  and 
calcitonin  gene-related  peptide  (Cheng  et  ai  1995)  by  an 
elevation  in  [cAMP];.  Here,  we  identified  U46619  as  novel 
physiologic  analog  that  is  capable  of  stimulating  intracel¬ 
lular  cAMP  accumulation  and  CREB  phosphorylation  in 
primary  rSC  and  T265  cells.  Activation  of  TP  receptors  has 
been  shown  to  functionally  couple  to  a  wide  variety  of 
G-proteins  including  Gq  (Knezevic  et  al.  1993;  Allan  et  al. 

1996)  and  G12/13  (Offermanns  et  al.  1994;  Allan  et  al.  1996; 
Djellas  et  al.  1999).  In  addition,  TP  receptors  have  been 
shown  to  modulate  the  activity  of  adenylyl  cyclase,  although 
the  exact  mechanism  by  which  this  occurs  is  unclear. 
Although  both  TPa  and  TPp  receptor  isoforms  activate 
phospholipase  C  to  a  similar  extent,  activation  of  TPa  in 
transfected  cells  has  been  shown  to  elevate  [cAMP]i,  whereas 
activation  of  TPp  in  transfected  cells  decreases  adenylyl 
cyclase  activity  (Hirata  et  al.  1996;  Walsh  et  al.  1998; 
Cracowski  et  ai  2000).  In  primary  rSC  and  T265  cells, 
U46619  stimulated  a  dose-dependent  elevation  of  [cAMP]i 
suggesting  that  these  cells  may  both  express  predominantly 
TPa.  The  levels  of  TPa  and  TPp  and  the  contribution  of  these 
receptors  to  intracellular  cAMP  accumulation  in  primary  rSC 
and  T265  cells  remains  to  be  determined  as  the  antibodies 
used  in  this  study  were  not  devised  to  distinguish  between 
the  two  TP  receptor  isoforms. 

Schwann  cells  as  a  potential  source  of  eicosanoids  within 
peripheral  nerve 

In  our  studies,  significant  levels  of  TXB2,  a  stable  metabolite 
of  TXA2,  were  not  detected  in  medium  conditioned  by 
primary  rSC.  In  contrast,  TXB2  was  detected  in  medium 
conditioned  by  T265  cells.  Schwann  cells  isolated  from 
Lewis  rats  have  been  shown  to  produce  significant  amounts 
of  TXA2  under  both  basal  conditions  and  following  an 
experimental  elevation  in  intracellular  calcium  levels 


(Constable  et  al.  1994).  The  finding  that  Schwann  cells 
isolated  from  Lewis  rats  have  significantly  elevated  levels  of 
TXB2  may  be  species  specific,  suggesting  that  the  rats  used 
in  our  study  may  differ  in  some  respects.  Alternatively,  the 
discrepancy  may  be  due  to  the  detection  level  of  the 
competitive  ELISA  assay  used  in  our  experiments  compared 
with  the  scintillation  proximity  assay  used  by  Constable 
et  al.  (1994),  which  has  an  order  of  magnitude  greater 
sensitivity. 

Potential  role  of  TP  receptors  in  diseases  affecting 
peripheral  nerve 

The  identification  of  functional  TP  receptors  in  Schwann 
cells  suggests  that  the  normal  or  abnormal  release  of  TP 
within  peripheral  nerve  may  modulate  Schwann  cell 
physiology  under  either  normal  or  pathological  conditions, 
respectively.  Following  peripheral  nerve  injury,  blood- 
derived  macrophages  invade  the  site  of  injury  and  then 
differentiate  into  activated  macrophages  (Beuche  and  Friede 
1986;  Langley  and  Pearce  1998).  Macrophages  participate 
in  the  removal  of  degenerating  axonal  and  myelin  debris  and 
the  establishment  of  a  local  environment  that  is  conducive 
for  axonal  regeneration  (Heumann  et  al.  1987;  Griffin  et  al. 
1992;  Avellino  et  al.  1995;  Dailey  et  al.  1998).  Macro¬ 
phages  have  been  shown  to  digest  and  release  protein 
fragments  of  myelin  basic  protein  from  myelin  phagocytized 
at  the  injury  site  (Baichwal  et  al.  1988).  These  myelin  basic 
protein  fragments  have  been  shown  to  be  mitogenic  in  the 
presence  of  experimentally  elevated  cAMP  levels  in 
Schwann  cells  (Tzeng  et  al.  1995).  In  addition  to  the 
production  and  secretion  of  cytokines  and  free  radicals, 
macrophages  have  long  been  known  to  be  a  major  source  of 
eicosanoids  including  TXA2.  Our  findings  suggest  that 
TXAo  may  be  a  physiologic  factor  that  could  operate  in 
conjunction  with  myelin  basic  protein  fragments  to 
stimulate  Schwann  cell  proliferation  following  peripheral 
nerve  injury.  The  discovery  of  TP  receptors  in  Schwann 
cells  also  raises  the  interesting  possibility  that  these  cells 
may  express  additional  eicosanoid  receptors  (e.g.  EP  and  IP) 
that  may  also  be  coupled  to  changes  in  [cAMP]|. 

In  sum,  this  study  is  the  first  report  of  functional  TXA2 
receptors  in  Schwann  cells.  The  receptor  was  found  to  have 
an  electrophoretic  mobility,  immunoreactivity  and  radioli¬ 
gand-binding  kinetics  similar  to  those  of  platelet  and 
oligodendroglioma  TXA2  receptors.  Activation  of  Schwann 
cell  TP  receptors  stimulates  elevations  in  [cAMP]j  and  the 
phosphorylation  of  CREB.  Activation  of  TP  receptors  in  a 
Schwann  cell  tumor  line  leads  to  elevations  in  both  [cAMPjj 
and  intracellular  calcium.  The  results  presented  here  indicate 
that  activation  of  Schwann  cell  TP  receptors  leads  to  the 
mobilization  of  cAMP  and,  in  a  transformed  cell  line,  both 
calcium  and  cAMP,  which  contributes  in  part  to  the 
translocation  of  CREB  to  the  cell  nucleus.  Taken  together, 
these  findings  suggest  a  novel  pathway  for  by  which 


©  2001  International  Society  for  Neurochemistry,  Journal  of  Neurochemistry,  78,  446-456 


Schwann  cells  express  thromboxane  A2  receptors  455 


Schwann  cells  could  respond  to  mediators  released  during 
inflammation  within  the  PNS. 
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Abstract 

Experimentally  elevated  levels  of  intracellular  cyclic  3 ’,5 ’-adenosine  monophosphate 
levels  ([cAMP]i)  have  been  shown  modulate  many  aspects  of  Schwann  cell  physiology  in  vitro. 
However,  few  physiologic  factors  are  known  to  elevate  [cAMP]i  in  primary  Schwann  cells.  We 
demonstrate  that  primary  Schwann  cells  express  mRNA  transcripts  encoding  the  EP2,  EP4,  and 
IP  prostaglandin  receptors.  Prostaglandin  receptor  stimulation  using  either  PGEi,  PGE2,  or  PGI2 
produced  a  dose  dependent  elevation  in  [cAMP]i  in  primary  Schwann  cells.  Peak  elevations  in 
[cAMP]i  occurred  within  15  minutes  of  stimulation  and  a  gradual  recovery  of  [cAMP]i  towards 
basal  levels  was  observed  between  30  and  90  minutes  of  stimulation  for  each  prostaglandin 
tested.  Prostaglandin  receptor  stimulation  also  produced  an  increase  in  the  phosphorylation  of 
cAMP-response  element  binding  protein  (CREB)  on  Ser-133  within  5  minutes  of  exposure. 
Consistent  with  the  observed  decline  in  [cAMPJi  over  time,  a  gradual  decrease  in  the  level  of 
CREB  phosphorylation  was  observed  following  30  minutes  of  stimulation  with  1  pM  of  either 
PGEi,  PGE2,  or  PGI2.  CREB  phosphorylation  in  response  to  stimulation  with  PGEi,  PGE2,  or 
PGI2  was  inhibited  by  prior  treatment  with  the  specific  protein  kinase  A  inhibitor,  H-89,  in  a 
dose  dependent  fashion.  We  conclude  that  prostaglandins  are  physiologic  factors  that  potently 
stimulate  cAMP-mediated  signaling  events  in  Schwann  cells.  Furthermore,  we  propose  that 
macrophage-derived  prostaglandins  may  be  important  modulators  of  Schwann  cell  proliferation 
following  traumatic  peripheral  nerve  injury. 

Keywords:  axotomy;  cAMP;  CREB;  glia;  macrophage;  Schwann  cells;  peripheral  nerve; 
prostaglandin  E2;  prostaglandin  12;  regeneration;  Wallerian  Degeneration 
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Experimental  elevation  of  intracellular  3 ’,5 ’-cyclic  adenosine  monophosphate  [cAMP]i 
using  pharmacologic  compounds  such  as  forskolin  and  cell  permeant  cAMP  analogues  can 
mimic  several  aspects  of  neuron-Schwann  cell  interactions  including  proliferation  (Baichwal  and 
DeVries,  1989;  Davis  and  Stroobant,  1990;  Weinmaster  and  Lemke,  1990;  Rahmatullah  et  al., 
1998  Tzeng  et  al.,  1999),  and  differentiation  (Sobue  and  Pleasure,  1984;  Lemke  and  Chao,  1988; 
Mokuno  et  al.,  1988;  Monuki  et  al.,  1989;  Morgan  et  al.,  1991;  LeBlanc  et  al.,  1992;  Scherer  et 
al.,  1994).  Similarly,  retroviral  inhibition  of  cellular  protein  kinase  A  (PKA)  inhibited 
myelination,  but  not  mitosis,  by  Schwann  cells  in  response  to  neurite  contact  (Howe  and 
McCarthy,  2000).  Together,  these  pharmacologic  and  genetic  approaches  strongly  implicate 
cAMP-mediated  signaling  events  as  key  regulators  of  intercellular  signaling  between  Schwann 
cells  and  neurons.  Yet,  to  date,  no  physiologic  factor  has  been  shown  to  reproduce  the 
pharmacologic  and  physiologic  effects  of  forskolin  in  primary  Schwann  cells.  Furthermore,  the 
putative  axonal  factors  that  elevate  [cAMPJi  and  stimulate  PKA  activity  in  Schwann  cells  remain 
to  be  identified.  While  both  norepinephrine  (Yasuda  et  al.,  1988)  and  CGRP  (Cheng  et  al.,  1995) 
produced  a  rapid,  receptor-mediated  elevation  in  [cAMP]i,  it  is  not  known  whether  these 
physiologic  factors  can  stimulate  PKA  activation,  CREB  phosphorylation,  and  subsequent 
physiologic  effects  that  are  similar  to  those  produced  by  forskolin  in  Schwann  cells. 
Furthermore,  the  physiologic  sources  of  these  factors  for  Schwann  cells  remain  to  be  determined. 

Following  injury,  monocytes  infiltrate  the  degenerating  distal  nerve  segment  where  they 
differentiate  into  resident  tissue  macrophages  (Bruck,  1997;  Stoll  and  Muller,  1999).  Upon 
recruitment,  macrophages  participate  in  the  phagocytosis  of  cellular  debris  (Beuche  and  Friede, 
1984;  Scheldt  et  al.,  1986;  Griffin  et  al.,  1992;  Avellino  et  al.,  1995).  Selective  elimination  of 
circulating  monocytes  produces  a  significant  reduction  in  the  extent  of  myelin  and  axonal  debris 
removal  following  peripheral  nerve  injury  (van  Rooijen  and  Sanders,  1994;  Perry  et  al.,  1995; 
Biiick  et  al.,  1996;  Kubota  et  al.,  1998).  Similarly,  blockade  of  macrophage  activation  attenuated 
the  extent  of  debris  clearance  at  the  injury  site  even  though  recruitment  was  not  affected  (Briick 
and  Friede,  1990;  da  Costa  et  al.,  1997;  Dailey  et  al.,  1998;  Liu  et  al.,  1999).  Impaired 
macrophage  function  also  results  in  significantly  reduced  Schwann  cell  proliferation  (Kubota  et 
al.,  1998)  and  reduced  axonal  outgrowth  (Dailey  et  al.,  1998).  Thus,  macrophage  recruitment 
and  activation  within  peripheral  nerve  are  necessary  for  maximal  Schwann  cell  proliferation  and 
axonal  regeneration  to  occur.  However,  macrophage  recruitment  also  contributes  to  neuropathic 
pain  and  peripheral  nerve  edema  (Ramer  et  al.,  1997;  Syriatowicz  et  al.,  1999;  Liu  et  al.  2000). 
The  mechanisms  by  which  macrophages  influence  Schwann  cell  physiology  following  peripheral 
nerve  injury  are  not  well  understood.  Macrophages  have  been  shown  to  produce  and  release  a 
diverse  array  of  soluble  factors  upon  recruitment  to  peripheral  nerve  injury  sites  (  ). 
Prostaglandins  E2  (PGE2)  and  I2  (PGI2)  are  macrophage-derived  factors  that  are  known  to 
contribute  to  the  development  of  pain  sensations  and  tissue  inflammation  following  injury 
(Syriatowicz  et  al.,  1999).  Prostaglandins  activate  receptors  coupled  to  heterotrimeric  GTP- 
binding  proteins  (G  proteins)  to  produce  an  elevation  in  either  intracellular  calcium  ([Ca^^ji)  or 
cAMP  concentration  ([cAMPji)  (Coleman  et  al.,  1994).  Given  the  role  of  experimentally 
elevated  levels  of  [cAMPji  in  Schwann  cell  physiology.  The  reduction  in  injury-induced 
Schwann  cell  proliferation  in  animals  with  impaired  macrophage  function  may  be  due  the 
absence  of  macrophage-derived  prostaglandins  that  elevate  [cAMPjj  in  Schwann  cells  and 
augment  cell  proliferation  in  response  to  mitogens.  We  hypothesize  that  Schwann  cells  express 
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prostaglandin  receptors  and  that  activation  of  these  receptors  stimulates  cAMP-mediated 
signaling  events. 

These  results  have  previously  been  presented  in  abstract  form  (Muja  and  DeVries,  1999). 

Methods 

Primary  Schwann  cell  culture. 

Primary  Schwann  cells  were  cultured  from  neonatal  rat  sciatic  nerves.  Sciatic  nerves 
from  2  day  old  rat  pups  were  extracted  and  enzymatically  digested  with  0.3  %  collagenase  in 
DMEM  with  low  glucose  and  10  mM  HEPES  (HE)  for  45  min  at  37®C  and  then  for  another  45 
min  in  the  same  solution  supplemented  with  0.25  %  porcine  trypsin.  Following  digestion,  the 
cells  were  centrifuged  at  100  X  g  for  5  min,  resuspended  in  1  ml  of  HF  consisting  of  DMEM 
with  low  glucose  supplemented  with  3.7  g/1  NaHC03,  1  /xg/ml  gentamicin,  and  5%  fetal  calf 
serum  (FCS).  Cells  were  gently  triturated  using  a  Pasteur  pipet,  and  the  cell  suspension  was  then 
dispersed  into  100  mm  culture  dishes  (12  sciatic  nerves/dish)  containing  HF  medium. 

The  following  day,  adherent  cells  were  rinsed  with  Ca"^"^  and  Mg'^  free  D-PBS  to  dilute 
divalent  cations  in  preparation  for  differential  adhesion.  The  medium  was  aspirated  and  fresh 
Ca"^  and  Mg"^  free  D-PBS  (4  ml)  supplemented  with  0.2%  EDTA  was  added  to  the  cells.  After 
2  min,  the  cells  were  transferred  to  the  stage  of  an  inverted  microscope.  Under  visual  inspection, 
the  culture  plate  was  gently  tapped  until  the  majority  of  the  Schwann  cells  were  dislodged. 
Schwann  cells  in  direct  contact  with  fibroblasts  were  difficult  to  dislodge  using  this  technique 
and  were  discarded  to  minimize  fibroblast  contamination.  The  media  containing  loose  Schwann 
cells  was  collected  and  centrifuged  in  15  ml  tubes  containing  5  ml  of  HF  medium  to  improve 
pellet  formation.  The  supernatant  was  discarded  and  the  cell  pellet  was  resuspended  in  HF 
medium  for  the  distribution  of  Schwann  cells  to  cultureware.  Cultures  obtained  using  this 
method  consisted  of  greater  than  99%  Schwann  cells  according  to  their  phase  bright,  narrow, 
bipolar  morphology  under  microscopic  view.  Cells  were  maintained  in  a  humidified  incubator  at 
37°C  in  the  presence  of  5%  CO2  and  95%  air. 

Total  RNA  isolation  and  cDNA  synthesis. 

Total  RNA  was  extracted  from  primary  rat  Schwann  cells  by  a  modification  of  the  acid 
method  of  Chomczynski  and  Sacchi  (1987).  First  strand  cDNAs  were  synthesized  from  total 
RNA  using  a  cocktail  consisting  of  2  fig  total  RNA,  IX  PCR  reaction  buffer  (Gibco  BRL),  2.5 
mM  MgCb,  500  mM  deoxynucleotide  triphosphates  (Pharmacia),  10  mM  DTT,  20  U  RNAsin 
(Promega),  200  U  Superscript  n  RNAase  H'  reverse  transcriptase  enzyme  (Gibco  BRL),  and  2 
Hg  random  hexanaucleotide  primers  (Perkin-Elmer).  As  a  control  for  the  presence  of  genomic 
DNA,  some  reverse  transcription  reactions  were  performed  without  the  reverse  transcriptase 
enzyme.  Reactions  were  placed  in  a  42°C  water  bath  for  1  hr  for  reverse  transcription. 
Reactions  were  terminated  by  a  5  min  incubation  at  95°C. 

PCR  parameters. 

Forward  and  reverse  primer  sequences  for  rat  EPl,  EP2,  EP3,  EP4,  and  IP  receptors  are 
as  follows:  EPl,  forward  primer  5’-TGT  ATA  CTG  CAG  GAC  GTG  CGC  CC-3’,  reverse 
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primer  5’-GGG  CAG  CTG  TGG  TTG  AAG  TGA  TG-3’  (621  bp  product);  EP2,  forward  primer 
5’-GGC  TTC  TTA  TTC  GAG  AAA  CCA  GAC  CCT  AGT  GGC-3’,  reverse  primer  5’-AGG 
TCC  CAC  TTT  TCC  TTT  CGG  GAA  GAG  GTT  TCA  TC-3’  (537  bp  product);  EP3,  forward 
primer  5’-GCC  GGG  AGA  GCA  AAC  GCA  AA  A-3’,  reverse  primer  5’-ACA  CCA  GGG  CTT 
TGA  TGG  TCG  CACA  GG-3’  (676  bp  product);  EP4,  forward  primer  5’-CCT  TCT  CTT  ACA 
TGT  ACG  CGG  GCT  TCA  G-3’,  reverse  primer  5’-TGC  TTT  CAG  TTA  GGT  CTG  GCA  GGT 
ATA  GGA  GG-3’  (537  bp  product);  IP,  forward  primer  5’-GGC  ACG  AGA  GGA  TGA  AGT 
TTA  CC-3’,  reverse  primer  5’-GTC  AGA  GGC  ACA  GCA  GTC  AAT  GG-3’  (407  bp  product). 
Primer  sequences  for  EP  receptors  were  obtained  from  Caggiano  and  Kraig  (1999).  The  primer 
sequence  for  the  rat  IP  receptor  was  obtained  from  Arakawa  et  al.  (1996).  PCR  mixtures  (50  ^1) 
contained  IX  reaction  buffer,  0.7  mM  deoxynucleotide  triphosphates,  2.5  mM  MgCIa,  1.2  (iM 
of  each  primer  (upstream  and  downstream),  and  2  fil  of  cDNA  product  with  1.5  U  of  Taq 
polymerase.  Following  one  cycle  of  50°C  for  1  min,  94°C  for  5  min,  and  80°C  for  3  min, 
cDNAs  were  amplified  using  32  cycles  of  denaturation  at  94°C  for  45  seconds,  priming  at  58°C 
for  45  seconds,  and  extension  at  72°C  for  1  min.  Reactions  were  completed  using  1  cycle  of 
94°C  for  1  min,  58°C  for  1  min  and  72°C  for  5  min.  Amplimers  were  separated  on  a  1.5  % 
agarose  gel  and  stained  with  0.5  /ag/ml  ethidium  bromide.  To  confirm  their  identity,  PCR 
products  were  recovered  from  agarose  gels  using  a  QuiaQuick  extraction  kit  (Quiagen)  and  then 
sequenced  (ABI  Prism)  using  the  dye-terminator  method. 

Determination  offcAMPh. 

Primary  rat  Schwann  cells  were  seeded  onto  12  well  culture  plates  at  a  density  of  2X10* 
cells/well  in  Iff  for  18  hr.  Unless  specified,  all  reagents  for  cAMP  analyses  were  obtained  from 
Biomol.  For  dose  dependent  studies,  Schwann  cells  were  treated  with  prostaglandins  [BW245C 
(Cayman  Chemical),  fluprostenol,  misoprostol,  PGD2,  PGEi,  PGE2,  16,  16-dimethyl-PGE2,  17- 
phenyl  trinor  PGE2  (Cayman  Chemical),  sulprostone  (Cayman  Chemical),  PGF2a,  and  PGI2; 
0.001-  100  ^M]  prepared  in  HF  medium  (pH  7.2)  containing  50  /iM  of  the  broad  spectrum 
phosphodiesterase  (PDE)  inhibitor  IBMX.  For  time  dependent  studies,  Schwann  cells  were 
treated  with  1  fiM  of  either  PGEi,  PGE2,  PGI2,  or  forskolin  for  5, 10, 15,  30, 60,  90,  and  120  min 
incubations  in  the  presence  of  50  IBMX.  Time  dependent  studies  were  also  performed  using 
either  rolipram  to  specifically  inhibit  PDE  IV  or  8-methoxymethyl  IBMX  to  specifically  inhibit 
PDE  I. 

Following  treatment,  the  media  was  completely  aspirated  and  the  Schwann  cells  were 
lysed  with  400  jal  of  0.1  M  HCl  for  1  hr  at  room  temperature  on  a  plate  shaker  (Lab  Systems, 
WellMix;  500  RPM).  The  lysate  was  collected  in  500  ml  centrifuge  tubes,  centrifuged  at  500  x  g 
for  15  min,  and  used  immediately.  [cAMP]i  was  determined  using  a  direct  enzyme 
immunoassay  kit  (cAMP  Direct;  Assay  Designs,  Inc.),  either  with  or  without  acetylation.  The 
data  are  expressed  as  picomoles  of  cAMP  per  2X10*  primary  Schwann  cells.  Forskolin  (0.001- 
100  juM)  was  used  as  a  positive  control  for  cAMP  elevation.  Basal  [cAMP]i  was  consistently 
between  0.8  and  1.1  pmol  cAMP/2X10*  primary  Schwann.  Assay  medium,  serum  conditions, 
and  exposure  to  10%  ethanol,  a  level  of  vehicle  5-fold  higher  than  those  present  in  the  highest 
dose  of  prostaglandin  (2%  ethanol;  100  (iM  dose),  did  not  affect  basal  [cAMP]i  in  primary 
Schwann  cells. 

Immunochemical  detection  of  ohosphorvlated  CREB. 
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Primary  rat  Schwann  cells  were  seeded  overnight  onto  12  mm  glass  coverslips  (10,000 
cells/coverslip)  and  stimulated  with  1  /iM  concentrations  of  either  PGEi,  PGE2,  PGI2,  or  10  fim 
misoprostol,  prepared  in  HE  medium  (pH  7.2)  containing  50  fiM  IBMX  for  15  min.  Following 
treatment,  the  medium  was  aspirated  and  the  cells  were  fixed  with  1%  paraformaldehyde  in  PBS 
(pH  7.4)  for  30  min  at  room  temperature.  Cells  were  rinsed  (3X5  min)  with  PBS.  Schwann 
cells  were  permeabilized  and  nonspecific  immunoreactivity  was  inhibited  by  incubation  with 
PBS  containing  3%  bovine  serum  albumin  (BSA,  immunoglobulin  free),  0.3%  normal  goat 
serum  (NGS),  and  0.2%  Triton  X-100.  Immunocytochemistry  was  performed  using  antibodies 
directed  against  phosphorylated  CREB  (1:500  dilution,  UBI).  Schwann  cells  were  incubated 
with  primary  antibodies  diluted  in  PBS  containing  3%  BSA,  0.3  %  NGS,  and  0.2%  Triton-XlOO 
for  either  1  hr  at  room  temperature  or  18  hr  at  4°C.  Antibody  solutions  were  carefully  aspirated 
and  the  cells  were  rinsed  (3X5  min)  with  PBS.  Antibody  reactivity  was  visualized  using  either 
fluorescein-  or  rhodamine-coupled  anti-IgG  F(ab’)2  (Pierce;  1:250)  diluted  in  PBS  with  0.2% 
Triton  X-100.  After  1  hr  incubation  at  room  temperature,  secondary  antibodies  were  aspirated 
and  the  cells  were  rinsed  (3X5  min)  with  PBS  and  mounted  on  glass  slides  using  VectaMount 
(Vector  Laboratories,  Burlingame,  CA).  Primary  Schwann  cells  were  visualized  using  a  Leica 
microscope  (DMRB;  Wild  MIO)  equipped  for  epifluorescence  and  photographs  were  taken  using 
a  Leica  Photomat  computer-aided  imaging  system  (Wild  MPS  48/52)  mounted  on  this  scope. 
Stimulation  of  Schwann  cells  with  25  ng/ml  neu  differentiation  factor  P  (NDPP)  or  1 
forskolin  for  15  min  was  used  as  positive  controls  for  CREB  phosphorylation. 

For  immunoblot  analyses  of  CREB  phosphorylation  primary  rat  Schwann  cells  were 
seeded  onto  6  well  culture  clusters  at  a  density  of  500,000  Schwann  cells/well.  Schwann  cells 
were  treated  with  1  fiM  concentrations  of  either  PGEi,  PGE2,  PGI2,  or  forskolin  in  the  presence 
of  50  fiM  IBMX  for  either  5, 10, 15, 30,  or  60  min  at  3TC.  Immediately  following  treatment,  the 
media  was  aspirated  completely  and  the  cells  were  lysed  in  200  fil  of  lysis  buffer  (5  mM  Tris- 
HCl  pH  6.8,  1%  SDS,  2  mM  EDTA,  2  mM  EGTA,  1  /tM  leupeptin,  1  /iM  aprotinin,  and  1  mM 
NaF)  as  described  in  Tabemero  et  al.  (1998).  Protein  lysates  were  electrophoretically  separated 
on  a  4-20%  acrylamide  gel  (Novex)  by  SDS-PAGE  and  transferred  to  a  PVDF  membrane  (NEN; 
DuPont).  Nonspecific  binding  sites  were  blocked  by  incubating  PVDF  membranes  with  PBS 
containing  5%  non-fat  dry  milk  (PBS-MLK)  for  1  hr.  Primary  antibodies  raised  against 
phosphorylated  CREB  (Upstate  Biotechnology)  were  diluted  (1:1000)  in  PBS-MLK  and  added 
to  PVDF  membranes  for  16-18  hr  at  4°C.  PVDF  membranes  were  rinsed  (3X5  min)  with  PBS 
and  incubated  with  goat-anti-rabbit  secondary  antibodies  conjugated  with  horseradish  peroxidase 
(Transduction  Laboratories;  1:4000,  diluted  in  PBS-MLK)  for  1  hr  at  room  temperature. 
Immunoreactivity  was  visualized  using  ECL  reagent  (NEN;  DuPont)  according  to  the 
manufacturer  protocol.  To  inhibit  CREB  phosphorylation,  the  specific  PKA  inhibitor  H-89 
(Biomol;  5, 10,  and  20  /iM  concentrations)  was  added  to  stimulation  medium  containing  1  /iMof 
either  PGEi,  PGE2,  PGI2,  or  forskolin  and  50  /iM  IBMX.  Cells  were  stimulated  for  15  minutes 
and  prepared  as  above.  Stimulation  of  Schwann  cells  with  25  ng/ml  NDpp  (R&D  Systems)  was 
used  as  a  positive  control  for  CREB  phosphorylation. 

Digital  fluorescence  calcium  imasine. 

Primary  rat  Schwann  cells  (2  days  in  vitro;  DIV)  were  seeded  overnight  onto  25  mm 
glass  coverslips  (FisherBrand;  #1  thickness)  in  HF  at  37°C  in  the  presence  of  5%  CO2.  Schwann 
cells  were  loaded  with  3  /iM  Fura-2AM  (Molecular  Probes,  Eugene,  OR)  for  15-20  min  at  37°C 
in  HBSS  (in  mM;  137.0  NaCl,  5.0  KCl,  2.0  CaCh,  1.0  MgS04,  0.44  KH2PO4,  0.34 
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Na2HP04(7H20),  20.0  Na"^  HEPES,  1.0  NaHCOa,  and  5.0  glucose,  pH  7.4),  rinsed  twice,  and 
imaged  in  the  same  medium  at  room  temperature  using  the  Zeiss  AttoFluor  RatioVision  work 
station  (Atto  Instruments,  Rockville,  MD).  This  system  includes  a  Zeiss  Axiovert  135 
microscope  equipped  for  epifluorescence  with  a  510  nm  dichroic  mirror,  a  Fluar  X40  1.3  NA  oil 
immersion  objective,  and  a  fixed  emission  (520  nm)  ICCD  camera.  Coverslips  were  mounted  in 
an  AttoFluor  chamber  with  a  maximum  holding  volume  of  1  ml.  The  chamber  was  filled  with  1 
ml  of  warm  HESS  and  mounted  onto  the  microscope  stage  for  digital  fluorescence  microscopy. 
Primary  Schwann  cells  were  visualized  using  a  40  X  oil  immersion  objective  and  a  computer 
image  of  the  cells  was  captured  using  the  ICCD  camera.  Between  25  and  30  cellular  regions  of 
interest  were  selected  and  digitally  monitored.  Baseline  values  of  Fura-2  fluorescence  emission 
at  520  nm  were  measured  at  3  second  intervals  during  0.5  Hz  alterations  of  334  nm  (Ca"^  bound) 
and  380  nm  (Ca"^  free)  excitation  filters.  These  values  were  used  to  compute  a  334  nm/380  nm 
emission  ratio  for  Fura-2.  Following  1  min  of  baseline  measurements,  Schwann  cells  were 
stimulated  with  either  10  fiM  PGD2,  PGEi,  PGF2a,  PGE2,  or  PGI2  prepared  in  HF  medium 
containing  50  /xM  IBMX.  Control  cells  were  stimulated  with  HF  medium  and  50  /xM  IBMX 
alone.  In  the  absence  of  a  response,  each  individual  experiment  was  terminated  by  addition  of  10 
/xM  ATP  to  verify  that  Schwann  cells  were  capable  of  producing  a  calcium  transient. 

Statistical  analyses. 

Data  are  presented  as  means  +/-  SD  obtained  from  representative  experiments.  All 
experiments  were  independently  repeated  at  least  three  times.  Statistical  significance  was 
analyzed  by  a  Student’s  t  test  between  stimulated  and  unstimulated  groups.  A  p  value  of  <  0.05 
was  interpreted  as  significant. 

Results 

Primary  rat  Schwann  cells  express  RNA  transcripts  encodins  prostaslandin  receptors. 

To  determine  whether  or  not  primary  rat  Schwann  cells  express  prostaglandin  receptors 
capable  of  producing  an  elevation  in  [cAMPjj,  we  used  oligonucleotide  primers  designed  to 
specifically  detect  cDNA  encoding  individual  members  of  the  rat  EP  prostaglandin  receptor 
family  (Caggiano  and  Kraig;  1999)  as  well  as  the  rat  IP  prostaglandin  receptor  (Arakawa  et  al., 
1996).  PCR  reactions  using  cDNA  generated  from  primary  rat  Schwann  cell  total  RNA  resulted 
in  products  of  the  expected  length  for  rat  EP2  (537  bp),  EP4  (537  bp),  and  IP  (407  bp) 
prostaglandin  receptors  (Fig.  lA).  Products  encoding  rat  EPl  (621  bp)  and  EP3  (676  bp) 
prostaglandin  receptors  were  not  detected.  The  purified  EP2,  EP4,  and  IP  PCR  products  were 
sequenced  by  the  dye-termination  technique  and  found  to  be  identical  to  published  sequences 
(Sasaki  et  al.,  1994;  Boie  et  al.,  1997).  An  unexpected  PCR  product  was  detected  using  the  IP 
primer  pair  (  ~bp).  An  increase  in  the  primer  hybridization  temperature  from  58°C  to  60°C 

decreased  the  amplification  of  the  unexpected  product  (Fig.  IB).  While  the  amplification  of  an 
EP2  receptor  specific  PCR  product  was  not  affected  by  the  elevation  in  primer  hybridization 
temperature,  the  increase  in  hybridization  temperature  inhibited  the  ability  of  the  EP4  primer  pair 
to  amplify  an  EP4  specific  product.  To  confirm  that  total  RNA  samples  were  free  from  genomic 
DNA  contamination,  each  prostaglandin  receptor  primer  pair  was  tested  individually  with  total 
RNA  isolated  from  primary  rat  Schwann  cells.  In  each  case,  no  PCR  products  were  detected 
(data  not  shown). 
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In  addition  to  the  PCR  approach,  we  attempted  to  confirm  the  presence  of  prostaglandin 
receptor  protein  in  Schwann  cells  using  polyclonal  antibodies.  While  EP4  receptor  protein  was 
detected  in  Schwann  cell  lysates  (data  not  shown),  appropriate  reagents  for  the  demonstration  of 
rat  EP2  and  IP  receptor  protein  were  not  available. 

Prostaslandins  elevate  fcAMPh.  but  not  intracellular  in  primary  rat  Schwann  cells. 

To  determine  whether  the  EP2,  EP4,  IP  prostaglandin  receptors  expressed  by  primary  rat 
Schwann  cells  were  functional,  we  measured  [cAMPJi  in  Schwann  cells  following  a  15  minute 
stimulation  with  increasing  concentrations  of  PGEj  (squares)  PGE2  (circles)  or  PGI2  (triangles) 
in  the  presence  of  the  nonselective  phosphodiesterase  (PDE)  inhibitor  IBMX  (50  /iM).  Similarly, 
[cAMPli  was  determined  in  Schwann  cells  following  a  15  minute  treatment  with  increasing 
concentrations  of  the  PGEi  mimetic,  misoprostol  (open  squares),  and  the  stable  EP2/EP4  specific 
receptor  ligand,  16,16-dimethyl  PGE2  (open  circles).  Consistent  with  the  finding  that  Schwann 
cells  express  RNA  transcripts  encoding  EP2,  EP4,  and  IP  prostaglandin  receptors,  stimulation  of 
Schwann  cells  with  EP2/EP4  and  IP  selective  ligands  produced  a  dose-dependent  elevation  in 
[cAMP]i  (Fig.  2A).  Treatment  with  high  ligand  concentrations  in  the  presence  of  BBMX  resulted 
in  a  saturation  of  cAMP  production  for  each  ligand  tested.  While  PGE]  (Fig  lA,  squares)  was 
the  most  efficacious  activator  of  cAMP  production  by  primary  Schwann  cells,  PGI2  (Fig.  IB, 
triangles)  was  the  most  potent  stimulator  of  cAMP  production.  The  rank  order  potency  of 
ligand-stimulated  elevations  in  [cAMPJi  was  PGI2  >  PGEi  >  PGE2  =  16,  I6-PGE2  >  misoprostol. 
Stimulation  of  primary  Schwann  cells  with  a  combination  of  PGE2  and  PGI2  (squares,  dashed 
line)  produced  a  dose-response  curve  that  was  not  significantly  different  from  PGEi  alone; 
suggesting  that  PGEi  can  bind  to  both  EP2/EP4  and  IP  receptors  to  stimulate  an  elevation  in 
[cAMP]i.  Similarly,  stimulation  of  primary  Schwann  cells  with  either  PGEi  or  a  combination  of 
PGE2  and  PGI2  stimulated  an  elevation  in  [cAMP]i  that  was  identical  to  that  identical  to  the 
levels  observed  following  stimulation  with  equal  concentrations  of  forskolin  (Fig.  2A, 
diamonds). 

To  confirm  that  additional  prostaglandin  receptors  were  not  expressed  by  primary  rat 
Schwann  cells,  we  measured  [cAMPli  following  treatment  with  ligands  selective  for  DP 
receptors  (BW245c  and  PGD2),  FP  receptors  (sulprostone  and  fluprostenol),  and  EP1/EP3 
receptors  (17-phenyl-trinor  PGE2).  Primary  rat  Schwann  cells  stimulated  with  increasing 
concentrations  of  DP,  FP,  and  EPl/3  receptor  selective  ligands  spanning  five  orders  of 
magnitude  (0.001  |xM-100  pM)  did  not  produce  a  significant  dose  dependent  elevation  in 
[cAMPJi  (Fig.  2B). 

In  addition  to  stimulating  adenylyl  cyclase  activity,  activation  of  prostaglandin  receptors 
has  also  been  shown  to  elevate  [Ca'^'^li  in  a  variety  of  cell  types  via  an  increase  in  phospholipase 
C  activity.  To  determine  whether  [Ca^^]i  was  elevated  in  primary  rat  Schwann  cells  following 
prostaglandin  stimulation,  we  monitored  [Ca'^Ii  using  Fura-2.  An  elevation  in  [Ca'^'^li  was  not 
detected  using  a  high  concentration  (10  pM)  of  any  of  the  prostaglandin  receptor  ligands  used  in 
this  study  (data  not  shown).  However,  primary  rat  Schwann  cells  were  responsive  to  stimulation 
with  10  pM  ATP  by  an  elevation  in  [Ca'^^Ji  (data  not  shown). 

Kinetics  of  cAMP  production  is  Schwann  cells  stimulated  with  prostaslandins. 

To  determine  the  duration  of  intracelh'lar  cAMP  elevation  in  primary  rat  Schwann  cells, 
we  measured  [cAMP]i  at  regular  time  intervals  from  5  mintues  to  2  hours  following  treatment 
with  1  pM  of  either  PGEi  (Fig.  3A),  PGE2  (Fig.  3B),  PGI2  (Fig.  3C),  or  forskolin  (Fig  3D)  in  the 
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presence  of  three  different  phosphodiesterase  inhibitors.  We  measured  [cAMP]i  following 
treatment  with  prostaglandins  in  the  presence  of  either  a  broad  spectrum  PDE  inhibitor  (circles, 
IBMX;  50  fiM),  a  PDE  FV-specific  inhibitor  (squares,  rolipram;  50  /iM),  or  a  PDE  I-specific 
inhibitor  (triangles,  8-methoxymethyl  IBMX;  50  /xM).  [cAMP];  was  significantly  elevated  above 
basal  levels  within  5  minutes  of  stimulation  and  continued  to  increase  over  the  ensuing  5-10 
minutes.  Maximal  elevations  in  [cAMPJj  above  basal  were  observed  between  10  and  30  minutes 
of  stimulation  beyond  which  [cAMP]i  began  to  return  towards  basal  levels.  Similar  recovery 
kinetics  were  observed  using  50  fiM  of  the  PDE  IV  specific  inhibitor  rolipram.  However, 
compared  to  50  fiM  IBMX  (Fig.  3,  Panels  A-D,  circles),  stimulation  of  primary  rat  Schwann 
cells  in  the  presence  of  50  fiM  rolipram  (Fig.  3,  Panels  A-D,  squares)  resulted  in  slight,  but  not 
significant,  decrease  [cAMP]i  with  no  significant  difference  in  the  kinetics  of  cAMP  production. 
Stimulation  of  Schwann  cells  with  PGEi,  PGE2,  PGI2,  or  forskolin  in  the  presence  of  the  PDE  I 
specific  inhibitor,  8-methoyxmethyl  IBMX,  resulted  in  significantly  less  cAMP  accumulation 
(Fig.  3,  Panels  A-D,  triangles).  This  finding  suggests  that  members  of  the  PDE  IV  enzyme 
family  effectively  regulate  [cAMPJj  in  Schwann  cells.  The  sum  of  the  cAMP  accumulation 
observed  for  rolipram  and  8-methoxymethyl  IBMX  was  not  significantly  different  from  the  level 
of  cAMP  accumulation  observed  using  IBMX  alone;  suggesting  that  members  of  the  PDE  I  and 
PDE  rv  enzyme  family  are  the  primary  effectors  of  cAMP  catabolism  in  Schwann  cells. 
Compared  to  PGEi,  PGE2,  and  PGI2,  elevations  in  [cAMP]i  occurred  more  rapidly  in  response  to 
stimulation  with  forskolin  (1  jtiM);  consistent  with  the  ability  of  forskolin  to  act  independently  of 
G-protein  activation.  The  recovery  of  [cAMPJi  towards  basal  levels  after  15  to  30  minutes  of 
stimulation  suggested  that  PDE  activity  might  not  have  been  completely  inhibited  for  the  entire 
duration  of  the  assay.  However,  similar  effects  on  [cAMP]i  over  time  were  observed  using  three 
different  PDE  inhibitors  and  using  doses  of  PDE  inhibitors  ranging  from  25  /xM  to  500  /iM  (data 
not  shown). 

Prostaslandins  stimulate  CREB  phosphorylation  on  Ser-133  in  primary  rat  Schwann  cells. 

To  determine  if  the  elevations  in  [cAMPJi  were  sufficient  to  stimulate  cAMP-mediated 
events,  we  monitored  CREB  phosphorylation  on  Ser-133  in  primary  rat  Schwann  cell  protein 
extracts  obtained  at  regular  time  intervals  following  stimulation  with  1  /iM  of  either  PGEi, 
PGE2,  PGI2,  or  forskolin  (FSK).  Prostaglandin  stimulation  resulted  in  a  rapid  elevation  in  CREB 
phosphorylation  within  5  minutes  of  treatment.  For  each  prostaglandin  tested,  CREB 
phosphorylation  was  maximal  between  5  and  15  minutes  of  stimulation  with  a  decline  towards 
basal  levels  between  30  and  45  minutes  of  stimulation  (Fig.  4).  The  decline  in  CREB 
phosphorylation  was  coincident  with  the  observed  decline  in  [cAMP]i  over  time  (Fig.  4).  To 
confirm  our  immunoblot  findings  and  to  detect  the  presence  of  phosphorylated  CREB  within 
individual  primary  Schwann  cell  nuclei,  we  performed  immunocytochemistry  for  phosphorylated 
CREB.  Primary  rat  Schwann  cells  treated  with  50  /tM  IBMX  alone  exhibited  low  levels  of 
phosphorylated  CREB  immunoreactivity  (Fig.  5A).  Stimulation  with  1  /xM  of  PGEi  (Fig-  5  ), 
PGE2  (Fig.  5  )or  PGI2  (Fig.  5  )resulted  in  CREB  immunoreactivity  within  the  Schwann  cell 
nuclei,  which  was  identical  in  comparison  to  that  observed  following  forskolin  or  NDFP 
stimulation.  Similarly,  treatment  with  10  /xM  misoprostol  (Fig.  5  ),  which  was  approximately 
10-fold  less  potent  than  PGE|  at  stimulating  cAMP  accumulation,  also  resulted  in  increased 
nuclear  CREB  immunoreactivity  in  Schwann  cells.  Primary  rat  Schwann  cells  stimulated  with 
either  1  /xM  forskolin  (Fig.  5  )  or  25  ng/ml  neu  differentiation  factor  P  (NDFP;  Fig.  5  )  were 
used  as  positive  controls  for  CREB  phosphorylation  on  Ser-133. 
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The  PKA  inhibitor.  H-89.  inhibits  CREB  phosphorvlation  followine  Drosta2landin  stimulation  in 
primary  rat  Schwann  cells. 

To  confirm  that  prostaglandin  receptor  activation  of  cAMP-mediated  intracellular 
signaling  was  responsible  for  CREB  phosphorylation  on  Ser-133,  we  used  the  PKA  inhibitor  H- 
89  to  decrease  prostaglandin-stimulated  PKA  activation.  We  chose  a  15  minute  stimulation  for 
analysis  because  the  level  of  CREB  phosphorylation  was  near  peak  levels  for  this  duration.  Cell 
lysates  obtained  from  primary  rat  Schwann  cells  stimulated  with  1  fiM  of  either  forskolin,  PGEi, 
PGE2,  or  PGI2  for  15  minutes  demonstrated  a  significant  increase  in  CREB  phosphorylation  (Fig 
6,  lane  3)  which  was  inhibited  in  a  dose  dependent  fashion  by  increasing  concentrations  of  H-89 
(5-20  liM)  (Fig.  6,  lanes  4-6).  Similar  inhibition  of  prostaglandin  stimulated  CREB 
phosphorylation  was  observed  for  each  prostaglandin  receptor  ligand  and  for  forskolin  (FSK). 
As  previously  reported  by  Tabemero  et  al.  (1998),  protein  lysates  obtained  from  Schwann  cells 
treated  with  the  potent  growth  and  survival  factor  NDFP  exhibited  significantly  higher  levels  of 
CREB  phosphorylation  than  lysates  obtained  from  Schwann  cells  treated  with  either  forskolin  or 
prostaglandins.  Immunoblots  were  reprobed  with  an  antibody  raised  against  the  catalytic  subunit 
of  PKA  (PKAc)  to  verify  equal  protein  loading  for  each  condition.  A  representative  immunoblot 
is  shown. 

Discussion 

PGEi,  PGE2,  and  PGI2  are  physiologic  factors  that  stimulate  cAMP*mediated  signaling  in 
primary  Schwann  cells. 

In  this  study,  we  demonstrate  that  primary  Schwann  cells  express  transcripts  encoding 
EP2,  EP4,  and  IP  prostaglandin  receptors  (Fig.  1).  Stimulation  of  EP2,  EP4,  and  IP  receptors 
using  selective  ligands  produced  an  elevation  in  [cAMP]i  that  was  both  dose  dependent  (Fig.  2) 
and  time  dependent  (Fig.  3)  Receptor  mediated  elevations  in  [cAMP]i  were  sufficient  to 
stimulate  signaling  events  downstream  of  cAMP.  In  particular,  treatment  with  1  pM 
concentrations  of  either  PGEj,  PGE2,  or  PGI2  stimulated  phosphorylation  of  the  transcription 
factor  CREB  within  5  minutes  of  stimulation  (Fig.  4).  CREB  phosphorylation  in  response  to 
stimulation  with  either  PGEi,  PGE2,  PGI2,  or  forskolin  was  inhibited  by  the  PKA  inhibitor,  H-89, 
in  a  dose  dependent  fashion  (Fig.  6).  Collectively,  these  studies  demonstrate  that  stimulation 
with  PGEi,  PGE2,  or  PGI2  can  reproduce  the  each  of  identified  intracellular  signaling  events  that 
are  initiated  by  forskolin  stimulation  in  Schwann  cells  (Figs.  2-6).  To  date,  norepinephrine 
(Yasuda  et  al.,  1988)  and  CGRP  (Cheng  et  al.,  1995)  are  the  only  two  physiologic  factors  that  are 
known  to  elevate  [cAMP]i  in  primary  Schwann  cells  in  a  rapid,  dose  dependent  fashion.  Since 
their  initial  description,  neither  of  these  factors  have  been  shown  to  stimulate  intracellular 
signaling  events  downstream  of  cAMP  in  Schwann  cells.  In  the  absence  of  identified 
physiologic  agents  to  stimulate  elevations  in  [cAMPJi  and  intracellular  events  downstream  of 
elevated  [cAMPji,  studies  of  the  physiologic  effects  of  cAMP  in  Schwann  cell  physiology  rely 
almost  exclusively  use  forskolin  to  stimulate  adenylyl  cyclase  activity  to  a  high  degree.  Our 
findings  identify  PGEi,  PGE2,  and  PGI2  as  physiologic  factors  that  elevate  [cAMP]i  and 
stimulate  cAMP-mediated  intracellular  signaling  events  in  primary  Schwann  cells.  Schwann 
cells  treated  with  either  PGE|  or  a  combination  of  equal  concentrations  of  PGE2  and  PGI2 
stimulated  elevations  in  [cAMP]i  that  were  not  significantly  different  from  those  observed  using 
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identical  concentrations  forskolin  (Fig.  2A).  In  addition,  the  kinetics  of  elevated  [cAMP]i  in 
response  to  1  PGEi,  PGE2,  and  PGI2  stimulation  were  similar  to  those  observed  using  1  /iM 
forskolin  (Fig.  3,  panels  A-D).  Thus,  PGEi,  PGE2,  and  PGI2  are  excellent  physiologic  factors  for 
the  study  of  receptor-mediated  elevations  in  [cAMP]i  and  cAMP-mediated  signaling  events  in 
primary  Schwann  cells. 

By  binding  directly  to  adenylyl  cyclases,  forskolin  stimulates  rapid  cAMP  accumulation 
by  a  mechanism  that  is  entirely  independent  of  both  receptors  and  G  protein  activation.  In 
contrast,  ligand-mediated  elevations  in  [cAMP]i  require  ligand  binding,  G  protein  subunit 
dissociation,  and  subsequent  adenylyl  cyclase  activation.  In  addition,  the  effects  of  physiologic 
factors  such  as  prostaglandins  are  subject  to  ligand  stability,  receptor  desensitization,  and 
allosteric  modulation  of  post-receptor  signaling  proteins.  Furthermore,  the  degradation  of  cAMP 
by  PDE  I  and  PDE  IV  enzymes  contributes  significantly  to  the  control  of  steady  state  and 
receptor-stimulated  elevations  in  [cAMPjj  (Bentley  and  Beavo,  1992).  In  these  studies,  the 
presence  of  PDE  I  and  PDE  IV  inhibitors  was  required  to  detect  ligand-stimulated  changes  in 
[cAMP]i  and  subsequent  cAMP-mediated  signaling  events.  Following  peripheral  nerve  injury, 
PDE  I  and  PDE  FV  activity  is  significantly  elevated  and  adenylyl  cyclase  activity  is  concurrently 
decreased  within  degenerating  peripheral  nerve  (Poduslo  et  al.,  1995;  Walikonis  and  Poduslo, 
1998).  Similarly,  we  demonstrate  that  PDE  I  and  PDE  IV  are  the  primary  PDE  families  involved 
in  cAMP  degradation  following  prostaglandin  stimulation  in  primary  Schwann  cells  (Fig.  4). 
Inhibition  of  PDE  enzyme  activity  increases  cAMP  diffusion  from  the  site  of  synthesis  and  may 
affect  the  spatio-temporal  kinetics  of  PKA  activation  and  gene  expression  (Jurevicius  and 
Fischmeister,  1996).  While,  PGEi,  PGE2,  and  PGI2  were  capable  of  elevating  [cAMPji  in 
primary  Schwann  cells  in  a  rapid,  dose  dependent  fashion,  [cAMPji  consistently  decreased  after 
15  minutes  of  stimulation  for  each  ligand-PDE  inhibitor  combination  tested  (Fig.  4).  The 
mechanisms  responsible  for  the  gradual  decline  in  [cAMPji  remain  to  be  determined.  The 
presence  of  unidentified  PDE  enzymes  and  extracellular  transport  of  cAMP  may  each  contribute 
to  the  observed  decrease  in  [cAMPJi  over  time. 

Role  of  prostaglandins  in  Schwann  cell  physiology. 

Little  is  known  about  the  rote  of  prostaglandins  in  normal  Schwann  cell  physiology  and  in 
Schwann  cell  responses  to  peripheral  nerve  injury.  Prostaglandins  are  produced  by  the 
sequential  actions  of  cyclooxygenases  and  various  prostaglandin  synthases  on  arachidonic  acid 
(AA).  Phospholipase  A2  (PLA2)  enzymes  comprise  a  diverse  enzyme  family  that  is  largely 
responsible  for  the  generation  of  free  AA  from  membrane  phospholipids.  Schwann  cells  have 
been  shown  to  express  PLA2  activity  within  Schmidt-Lanterman  incisures  and  paranodal 
membrane  sites  following  peripheral  nerve  injury  (Paul  and  Gregson,  1992);  raising  the 
possibility  that  Schwann  cells  may  release  AA  and  thus  contribute  to  prostaglandin  production. 
The  recent  finding  that  stimulation  of  the  ETb  endothelin  receptor  subtype  using  either  ET-1  or 
ET-3  increases  the  level  AA  release  from  Schwann  cells  via  activation  of  Ca'^'^-independent 
PLA2  further  implicates  Schwann  cells  as  an  endogenous  source  of  AA  within  peripheral  nerve 
(Berti-Mattera  et  al.,  2000;  Pomonis  et  al.,  2001).  Increased  PLA2  expression  and  activity  has 
also  been  demonstrated  in  outgrowing  sensory  neurites  in  vitro  (Smalheiser  et  al.,  1996;  Homfelt 
et  al.,  1999)  and  in  vivo  (Negre-Aminou  and  Pfenninger,  1993),  as  well  as  in  vascular  endothelial 
cells  of  the  blood-nerve  barrier  (Wong  et  al.,  1998),  and  macrophages  (Wightman  et  al.,  1981; 
Nathan,  1987).  In  addition  to  PLA2  protein  expression  and  activity,  most  of  these  cell  types  are 
known  to  produce  and  release  significant  amounts  of  PGE2  and  PGI2;  particularly  in  response  to 
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injury.  Following  peripheral  nerve  injury,  large  numbers  of  macrophages  are  recruited  to  the 
injury  site  via  the  release  of  inflammatory  cytokines  by  Schwann  cells  (Toews  et  al.,  1998; 
Rutkowski  et  al.,  1999;  Sugiura  et  al.,  2000;  Taskinen  and  Roytta,  2000).  While  the  phagocytosis 
of  cellular  debris  by  macrophages  is  a  salient  feature  of  peripheral  nerve  injury  (Beuche  and 
Friede,  1984),  little  is  known  about  the  mechanisms  by  which  macrophages,  Schwann  cells,  and 
other  cellular  constituents  of  peripheral  nerve  communicate  with  one  another.  Following 
peripheral  nerve  injury,  the  presence  of  macrophage-derived  factors,  such  as  prostaglandins,  may 
modulate  the  response  of  regenerating  peripheral  nerve  fibers,  perineural  fibroblasts,  and 
Schwann  cells  by  elevating  [cAMPjj.  In  addition  to  the  sensitization  or  direct  activation  of 
nociceptive  sensory  nerve  endings  (Hingtgen  et  al.,  1995;  Smith  et  al.,  1998;  Aley  and  Levine, 
1999;  Baba  et  al.,  2001),  macrophage-derived  prostaglandins  may  influence  the  physiologic 
responses  of  Schwann  cells  to  contact  with  regenerating  axons.  Macrophages  have  long  been 
considered  beneficial  to  peripheral  nerve  regeneration.  Macrophage  depletion  following 
peripheral  nerve  injury  reduces  axonal  degeneration  (Sommer  and  Schafers,  1998)  and 
hyperalgesia  (Syriatowicz  et  al.,  1999;  liu  et  al.,  2000)  but  also  decreased  axonal  outgrowth 
(Dailey  et  al.,  1998)  and  Schwann  cell  proliferation  (Kubota  et  al.,  1998).  Macrophages  may 
affect  Schwann  cell  proliferation  following  injury  either  directly,  by  releasing  mitogens 
(Baichwal  et  al.,  1988),  or  indirectly,  by  increasing  axonal  outgrowth  and  survival  (Heumann  et 
al.,  1987;  Lindholm  et  al.,  1987).  Thus,  macrophages  may  promote  peripheral  nerve 
regeneration  through  their  effects  on  Schwann  cells.  To  that  end,  macrophages  may  also 
stimulate  Schwann  cell  proliferation  via  the  release  factors  such  as  PGE2  and  PGI2  that  elevate 
[cAMPJi  and  potentiate  the  proliferation  of  Schwann  cells  in  response  to  growth  factors  found  on 
regenerating  peripheral  nerve  axons. 

Conclusions 

Our  findings  have  substantial  physiologic  implications  for  the  process  of  Wallerian 
degeneration  and  peripheral  nerve  regeneration  following  injury.  These  findings  are  also  highly 
relevant  to  Schwann  cell  physiology  under  normal  and  pathological  states.  The  identification  of 
functional  EP2,  EP4,  and  IP  prostaglandin  receptors  in  primary  Schwann  cells  more  than  doubles 
the  number  of  known  receptors  that  are  capable  of  stimulating  elevations  in  [cAMPJi  in  these 
cells.  In  addition  to  the  identification  of  prostaglandins  as  a  novel  class  of  physiologic  ligands 
for  Schwann  cells,  this  report  is  the  first  to  test  whether  these  physiologic  ligands  are  capable  of 
modulating  Schwann  cell  physiology  in  a  manner  similar  to  the  widely-used  pharmacologic 
agent  forskolin.  Furthermore,  data  presented  concerning  ligand-stimulated  elevations  in 
[cAMPJi  over  time  suggest  complex,  as  yet  characterized,  regulatory  mechanisms  that  control 
cAMP-mediated  signaling  events  in  Schwann  cells.  Finally,  the  data  presented  herein 
underscores  the  importance  of  PDEs  in  the  regulation  of  [cAMPJi  in  Schwann  cells.  Together, 
these  studies  provide  significant  insights  regarding  the  physiologic  role  of  receptor-mediated 
elevations  in  [cAMPJi  in  Schwann  cell  biology. 
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Figure  Legends 

Figure  1.  Primary  rat  Schwann  cells  express  prostaglandin  receptor  mRNA  transcripts 
Primary  rat  Schwann  cells  express  transcripts  encoding  the  EP2  (537  bp,  lane  2),  EP4  (537  bp, 
lane  4),  and  IP  (407  bp,  lane  5)  receptors.  Primers  specific  for  EPl  (607  bp,  lane  1)  or  EP3  (657 
bp,  lane  3)  receptors  did  not  detect  transcripts  encoding  these  receptors.  An  elevation  in  primer 
hybridization  temperature  from  58°C  to  60°C  reduced  the  amplification  of  non-specific  products 
by  the  IP  primer  pair.  Whereas  the  EP2  primer  pair  yielded  a  specific  PCR  product  at  the  higher 
hybridization  temperature,  the  EP4  primer  pair  did  not  produce  a  PCR  product.  The  <I)X174 
restriction  digest  (Life  Technologies,  lane  6)  was  used  to  estimate  base  pair  lengths. 
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Figure  2.  Prostaglandins  elevate  [cAMP]i  in  primary  rat  Schwann  cells  in  a  dose 
dependent  fashion.  (A)  Stimulation  of  primary  rat  Schwann  cells  with  either  EP2/EP4  and  IP 
receptor  selective  ligands  (PGEi,  PGE2,  PGI2,  16,16  dimethyl  PGE2,  or  misoprostol)  in  the 
presence  of  50  fiM  IBMX  produced  a  significant,  dose-dependent  elevation  in  [cAMPJi. 
Compared  to  EP2/EP4  and  IP  selective  ligands,  (B)  stimulation  with  DP  receptor  ligands 
(BW245C  and  PGD2),  EPI/EP3  receptor  ligands  (17-phenyl-trinor  PGE2),  or  FP  receptor  ligands 
(sulprostone  and  fluprostenol)  did  not  produce  elevation  in  [cAMPji.  Treatments  were  prepared 
in  DMEM  low  glucose  containing  5%  FBS.  Primary  Schwann  cells  were  stimulated  with  ligand 
for  15  minutes  and  then  lysed  as  described  in  Methods.  Stimulation  of  primary  rat  Schwann 
cells  with  forskolin  (A)  was  included  as  a  positive  control  for  cAMP  elevation.  Assays  were 
performed  in  triplicate  (n=  3)  for  each  ligand.  Standard  deviations  were  less  than  10%  for  each 
treatment  concentration  tested. 

Figure  3.  Prostaglandins  stimulate  a  time  dependent  elevation  [cAMP]i  in  Schwann  cells. 

Primary  rat  Schwann  cells  were  treated  with  1  /rM  concentration  of  either  PGEi,  PGE2,  PGI2,  or 
forskolin  in  the  presence  of  either  a  broad  spectrum  PDE  inhbitor  (50  fiM  IBMX),  a  PDE  IV 
specific  inhibitor  (50  (iM  rolipram),  or  a  PDE  I  specific  inhibitor  (50  [iM  8-methoxymethyl 
IBMX). 


Figure  4.  Prostaglandins  stimulate  CREB  phosphorylation  on  Ser-133  in  primary  rat 
Schwann  cells.  Primary  rat  Schwann  cells  were  treated  with  1  jU.M  concentrations  of  either 
PGEi,  PGE2,  or  PGI2,  for  0,  5,  10,  15,  30,  or  60  minutes  in  the  presence  of  50  /iM  IBMX. 
Schwann  cell  protein  extracts  were  analyzed  for  increased  CREB  phosphorylation  on  Ser-133  by 
immunoblot  analysis  using  an  antibody  specific  for  phosphorylated  CREB.  Immunoblot 
analyses  of  primary  Schwann  cell  extracts  (20  /ig/lane)  reveal  that  PGEj,  PGE2,  and  PGI2  each 
stimulate  CREB  phosphorylation  within  5  minutes  of  addition  and  that  CREB  phosphorylation 
was  sustained  for  at  least  30  minutes.  Primary  Schwann  cells  stimulated  with  1  /iM  forskolin 
were  used  as  a  positive  control  for  CREB  phosphorylation. 
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Figure  5.  Immunocytochemical  detection  of  CREB  phosphorylation  on  Ser-133  in  primary 
rat  Schwann  cells  following  prostaglandin  stimulation.  Primary  rat  Schwann  cells  (1  XIO^ 
cells/cover  glass)  were  treated  with  a  1  fiM  concentration  of  either,  PGE|  (E),  Misoprostol  (F), 
PGE2  (G),  or  PGI2  (H)  in  the  presence  of  50  fiM  IBMX  for  15  minutes  and  then  fixed  with  1  % 
paraformaldehyde  in  preparation  for  immunocytochemistry.  Primary  Schwann  cells  treated  with 
50  (iM  IBMX  alone  (B)  were  used  to  identify  basal  levels  of  CREB  phosphorylation  on  Ser-133. 
As  positive  controls  for  CREB  phosphorylation  on  Ser-133,  primary  rat  Schwann  cells  were 
stimulated  with  25  ng/ml  NDpp  (C)  and  1  pM  forskolin  (D).  Fluorescent  signal  was  not 
detected  in  the  absence  of  primary  antibody  (A). 

Figure  6.  Inhibition  of  PKA  activity  in  primary  rat  Schwann  cells  inhibits  CREB 
phosphorylation  following  prostaglandin  stimulation.  Primary  rat  Schwann  cells  (1  XIO^ 
cells/well)  were  treated  for  15  minutes  with  1  /iM  concentrations  of  PGEi,  PGE2,  PGI2,  or 
forskolin  either  alone  or  in  the  presence  of  increasing  concentrations  of  the  specific  PKA 
inhibitor  H-89  (5,  10,  and  20  jam).  Protein  extracts  from  primary  Schwann  cells  treated  with  50 
/iM  IBMX  (Untreated)  were  used  to  identify  basal  levels  of  CREB  phosphorylation.  Stimulation 
of  primary  Schwann  cells  with  25  ng/ml  NDFP  was  used  as  an  internal  positive  control  for 
CREB  phosphorlyation  for  each  ligand  analysis.  Immunoblots  were  reprobed  for  the  catalytic 
subunit  of  PKA  (PKAc)  to  verify  equal  protein  loading  in  each  lane.  A  representative 
immunoblot  for  the  catalytic  subunit  of  PKA  is  included  for  comparison. 
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Abstract 

Neurofibromatosis  type  1  (NFl)  is  a  genetic  disorder  characterized  by  Schwann 
cell  tumors  called  neurofibromas,  which  can  potentially  become  malignant  to  form 
neurofibrosarcomas.  Previously,  our  laboratory  has  reported  that  Schwann  cells  derived 
from  neurofibromas  abnormally  express  high  levels  of  the  receptor  tyrosine  kinase  c-kit, 
which  contributes  weakly  to  Schwann  cell  proliferation  (Badache  et  al,  1998a).  It  is 
possible  that  c-kit  plays  an  important  role  during  development  and  that  its  aberrant  re¬ 
expression  by  adult  NFl  cells  contributes  to  the  development  of  Schwann  cell  tumors. 

We  now  report  that  neurofibromin  expression  and  c-kit  expression  are  inversely  regulated 
in  rat  sciatic  nerves  during  development.  Normal  adult  Schwann  cells  contain 
neurofibromin  and  do  not  express  c-kit,  while  hiunan  Schwann  cell  lines  derived  fi"om 
NFl  tumors  express  c-kit  but  do  not  express  neurofibromin.  In  neonates,  c-kit  is 
expressed  by  cultured  Schwann  cells.  Its  activation  by  SCF  prevents  programmed  cell 
death  via  the  activation  of  Akt  but  does  not  induce  Schwann  cell  proliferation  or 
differentiation. 

Introduction 

Many  growth  factors  interact  with  specific  cell  surface  receptors  belonging  to  the 
receptor  tyrosine  kinase  (RTK)  superfamily.  Members  of  the  RTK  superfamily  possess 
both  shared  and  unique  structural  subdomains  (Yarden  and  Ullrich,  1988).  The  proto¬ 
oncogene,  c-kit,  belongs  to  the  RTK  superfamily  and  is  a  member  of  the  same  receptor 
subfamily  as  the  platelet-derived  growth  factor  (PDGF)  and  colony-stimulating  factor-1 
(CSF-1)  receptors  (Yarden  et  al,  1987  and  Qui  et  al,  1998).  This  RTK  subfamily  is 
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characterized  by  the  presence  of  five  immunoglobulin-like  motifs  in  the  extracellular 
domain  and  an  insert  that  splits  the  cytoplasmic  kinase  domain  into  an  adenosine 
triphosphate  (ATP)-binding  region  and  a  phosphotransferase  domain  (Ullrich  et  al,  1987 
and  Yarden  et  al,  1998).  C-kit  and  its  ligand,  stem  cell  factor,  constitute  an  important 
signal  transduction  system  regulating  cell  growth  and  differentiation  in  hematopoiesis, 
gametogenesis,  melanogenesis  (for  review  see  Broudy  1997),  and  they  possibly  play  a 
role  in  the  pathogenesis  of  neurofibromatosis  type  1. 

Neurofibromatosis  type  1  (NFl)  is  a  genetic  disorder  affecting  approximately  1  in 
3000  individuals  that  manifests  with  various  phenotypic  features  including 
neurofibromas,  cafe-au-lait  spots,  axillary  freckling,  Lish  nodules,  optical  gliomas,  and 
learning  disabilities  (Friedman,  1999).  Neurofibromas  are  benign  peripheral  nerve  sheath 
tumors  that  consist  of  a  majority  of  Schwann  cells,  but  also  contains  fibroblasts, 
perineurial  cells,  and  mast  cells  embedded  in  an  abundant  extracellular  matrix.  Most 
importantly,  Schwann  cells  are  responsible  for  the  formation  of  malignant  neurofibromas 
in  up  to  5%  of  NF  patients  (Friedman,  1999). 

In  hematopoietic  cells,  abnormal  proliferation  of  both  immature  and  lineage 
restricted  progenitor  populations  occurs  in  response  to  SCF  Nfl-/-  progenitors  (2Siang  et 
al.,  1998).  In  addition,  mast  cells  derived  from  Nfl+/-  mice  display  increased  cell 
proliferation,  survival,  colony  formation  in  response  to  SCF  (Ingram  et  al.,  2000). 
Interestingly,  mast  cells  are  present  in  neurofibromas  and  have  been  implicated  in 
promoting  Schwann  cell  growth  through  the  release  of  various  factors  (Ricardi  et  al., 
1992).  These  studies  may  explain  hematopoietic  disorders  associated  with  the  loss  of 
neurofibromin.  Children  with  NFl  are  predisposed  to  juvenile  chronic  myelogenous 
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leukemia  (JCML)  and  other  malignant  myeloid  disorders,  and  heterozygous  Nfl 
knockout  mice  spontaneously  develop  a  myeloid  disorder  resembling  JCML  (Shannon  et 
al,  1994;  Jacks  et  al.,  1994).  Taken  together,  c-kit  and  its  activation  by  SCF  are 
important  during  development  for  numerous  cell  types,  such  as  progenitor  cells,  mast 
cells,  and  possibly  Schwann  cells.  Neurofibromin  is  a  protein  that  regulates  signal 
transduction  pathways  dimng  development,  and  its  loss  in  embryonic  stages  or  in  the 
adult  results  in  the  development  of  tumors  and  leukemia. 

We  have  observed  that  Schwann  cells  derived  from  neurofibromas  abnormally 
express  high  levels  of  the  receptor  tyrosine  kinase  c-kit,  which  contributes  to  Schwann 
cell  proliferation  (Badache  et  al,  1998a).  It  has  been  found  in  a  number  of  cancers  that 
tumor  forming  cells  inappropriately  synthesize  proteins  that  are  normally  only  produced 
during  development.  Based  on  our  previous  studies  (Badache  et  al.,  1998),  we  postulated 
that  c-kit  is  inappropriately  re-expressed  by  Schwann  cells  present  in 
neurofibrosarcomas;  however  diuing  normal  development  of  Schwann  cells  the  receptor 
may  play  an  important  role.  We  now  report  that  c-kit  is  developmentally  regulated  in  rat 
sciatic  nerves  and  helps  prevent  Schwaim  cell  apoptosis  during  development.  The  SCF 
induced  activation  of  c-kit  expressed  in  cultured  Schwann  cells  results  in  the 
phosphorylation  of  the  downstream  effector  Akt  known  to  be  activated  in  an  anti- 
apoptotic  pathway. 
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Materials  and  Methods 

Cell  lines  and  Reagents 

Recombinant  stem  cell  factor  (SCF)  was  a  gift  from  Amgen  (Thousand  Oaks, 
CA).  Forskolin  was  from  Calbiochem  (La  Jolla,  CA).  The  cell  lines  ST88-14,  T265,  STS 
26T  used  in  this  study  have  been  previously  described  (Badache  et  al.,  1998).  The  90-8 
and  88-3  cell  lines  were  obtained  from  Dr.  Jeff  DeClue  and  have  been  previously 
described  (DeClue  et  al.  1992). 

Schwann  cell  culture 

Primary  Schwann  cell  cultures  were  established  essentially  as  described  by 
Brockes  and  colleagues  (1979).  Sciatic  nerves  were  removed  from  3-day  rat  pups, 
digested  for  2  hours  in  0.03%  collagenase  (Serva)  at  37®C,  and  triturated  thoroughly  to 
achieve  dissociation.  Cells  were  cultured  as  monolayers  in  low  glucose  Dulbecco’s 
Modified  Eagle’s  Medium  (DMEM)  supplemented  with  10%  FBS,  100  units/ml 
penicillin  and  lOOug/ml  streptomycin,  and  maintained  at  37®C  in  a  humid  atmosphere  of 
10%  CO2/90%air.  Contaminating  fibroblasts  were  inhibited  by  72  hours  treatment  with 
lOuM  cytosine  arabinoside. 

Human  Schwann  cells 

Primary  human  Schwann  cell  cultures  were  established  as  described  by  Wood  et 
al.,  (2000)  (Miami  Project,  University  of  Miami,  Miami,  Fla).  Fresh  human  peripheral 
nerves  (cauda  equina)  were  obtained  from  Dr.  Wood  from  transplant  patients.  For  ten 
days,  the  nerve  fragments  were  placed  in  DMEM  containing  10%  heat  inactivated  fetal 
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bovine  serum  (Hyclone,  Logan,  UT),  2uM  forskolin,  lOnM  NDF  pi  (Amgen  Inc., 
Thousand  Oaks,  CA),  50U/ml  penicillin  and  0.05  mg/ml  streptomycin  (Sigma,  St  Louis, 
MO).  Then  the  fragments  were  dissociated  in  DMEM  containing  10%  heat  inactivated 
fetal  bovine  serum,  2uM  forskolin,  lOnM  NDF,  50U/ml  penicillin  and  0.05  mg/ml 
streptomycin,  0.05%  collagenase  (Worthington  Biochemicals,  Freehold,  NJ)  and  0.25  % 
dispase  (Boehringer  Mannheim,  Indianapolis,  IN)  in  a  erlenmyer  flask.  The  nerve 
fragments  were  incubated  at  37C  in  a  5%  C02  incubator  in  the  enzyme  solution  for  18h. 
After  centrifugation,  the  cells  were  resuspended  in  fresh  media  and  were  plated  in 
100mm  culture  dishes  in  DMEM  containing  10%  heat  inactivated  fetal  bovine  serum, 
2uM  forskolin,  and  lOnM  NDFpi.  In  Schwann  cells  cultured  without  forskolin,  the 
nerve  fragments  were  incubated  with  DMEM  containing  10%  serum  for  3  days.  Then  the 
nerve  fragments  were  worked  up  as  previously  described  in  media  containing  10%  serum 
with  no  forskolin  or  NDF  pi.  The  cells  were  harvested  24  hours  after  plating. 

Sciatic  nerves 

Rat  sciatic  nerves  were  extracted  from  neonatal  and  adult  animals.  The  nerves 
were  lysed  in  RIPA  buffer  (1%  triton  X-100, 0.5%  sodium  deoxycholate,  0.1%  sodium 
dodecylsulfate,  SDS,  in  phosphate  buffered  saline,  PBS,  pH  7.2)  containing  ImM  sodium 
orthovanadate  and  a  cocktail  of  protease  inhibitors.  Protein  concentration  was 
determined  by  the  DC  protein  assay  (Bio-Rad,  Hercules,  CA). 


MTT  assay 


This  assay  involved  a  spectophotometric  analysis  of  the  degradation  of  the  bromide  salt  MTT  (3-[4,5- 
dimethythiazol-2-yl]-2,5  diphenyl  tetrazolium  bromide)  by  mitochondrial  dehydrogenase  enzymes  yielding 
purple  fotmazan  crystals  as  a  by-product  of  this  reaction.  After  the  incubation  treatment,  MTT  labeling 
reagent  (0.5  mg/ml)  were  added  to  cell  cultures  for  4  hours  (humidified  atmosphere,  5%  CO2, 37°  C). 
Following  overnight  incubation  with  a  solubilization  solution  (10%  SDS  in  0.01  M  HCL),  the  amount  of 
solubilized  formazan  crystals  were  quantified  at  505  tun  using  an  automated  microplate  reader  EL3 1  Isx 
(Bio-Tek  histruments,  Inc.,  Winooski,  VT).  Increases  in  absorbance  correlated  with  the  number  of  cells, 

Western  blotting 

Cells  cultured  in  DMEM  supplemented  with  10%  FCS  were  lysed  in  RIPA  (1%  triton  X-lpO,  0.5% 
sodium  deoxycholate,  0.1%  SDS  in  pho^hate  buffer  saline)  containing  a  cocktail  of  protease  inhibitors, 
PMSF,  leupeptin,  aprotinin  (Calbiochem).  Protein  lysates  were  separated  by  electrophoresis  in  a  4  to  10% 
gradient  polyacrylamide  gel  (In  Vitrogen)  and  transferred  onto  a  PVDF  membrane  (Dupond,  NEN,  Boston, 
MA)  for  1  hour  at  SO  V.  After  blocking  with  a  5%  nonfat  dry  milk  solution  for  30  minutes,  the  PVDF 
membrane  were  incubated  in  the  presence  of  the  primary  antibody  overnight  at  4C.  Following  4  washes  in 
PBS  containing  1%  Tween  20  for  20  minutes,  the  membrane  was  incubated  with  a  horseradish  peroxidase- 
conjugated  secondary  antibody  for  1  hour  at  room  temperature  (Transduction  Systems,  San  Diego,  CA). 


Normal  adult 
human  SC 


Figure  4.  Normal  human  Schwann  cells  do  not  express  c-kit  but  express 
neurofibromin.  Cells  were  lysed  and  25ug  of  proteins  were  analyzed  by 
immunoblotting  with  c-kit  (A)  and  neurofibromin  (B)  antibodies.  These  immunoblots 
a  representative  experiment  repeated  3  times  with  similar  results. 
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Figure  5.  Developmental  analysis  of  c-kit,  PO,  and  neurofibromin  protein  in  rat 
sciatic  nerves,  postnatal  day  0,  postnatal  day  2  (P2),  postnatal  day  5  (P5), postnatal  day  7 
(P7),  postnatal  day  10  (PIO),  postnatal  day  16  (PI 6),  and  adult.  Rat  sciatic  nerves  were 
homogenized  with  lysis  buffer,  and  lOOug  of  proteins  were  analyzed  by  immunoblotting 
with  c-kit  (A),  PO  (B),  or  neurofibromin  (C)  antibodies.  These  immunoblots  are  a 
representative  experiment  repeated  3  times  with  similar  results. 
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Figure  6.  Expression  of  c-kit  in  neonatal  rat  sciatic  nerves.  Studies  were  carried  out 
to  determine  c-kit  and  SI  00  expression  in  fresh  frozen  sections  of  postnatal  day  2  rat 
sciatic  nerves.  In  the  nerve,  the  control  section  incubated  with  the  absence  of  primary 
antibody  showed  no  staining  (panel  A).  Cells  (arrows)  display  strong  immunoreactivities 
to  SI 00  antibody.  The  spindle  shaped-cells  present  in  the  sciatic  nerve  are 
immunoreactive  to  the  kit  antibody  as  illustrated  by  the  arrows  (panel  C).  These  stained 
sections  are  a  representative  experiment  repeated  3  times  with  similar  results. 
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Figure  7.  Cultured  neonatal  rat  Schwann  cells  express  c-kit  mRNA.  RT/PCR 
amplification  of  c-kit  mRNA  in  cultured  neonatal  rat  Schwann  cells.  Photograph  of  c-kit 
products,  513  base  pairs  (lane  2)  separated  on  a  2%  agarose  gel  stained  with  ethidium 
bromide.  Molecular  weight  markers  are  derived  from  Hae  III  digest  of  ifX-MA  viral 
DNA  as  shown  in  lane  1.  This  PCR  product  is  a  representative  experiment  repeated  3 
times  with  identical  results. 
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Figure  8.  Neonatal  rat  Schwann  cells  express  low  c-kit  levels  but  high 
neurofibromin  levels.  Cells  were  lysed  and  25ug  of  proteins  were  analyzed  by 
immunoblotting  with  c-kit  and  neurofibromin  antibodies.  These  immunoblots  are  a 
representative  experiment  repeated  3  times  with  similar  results. 
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Figure  9.  SCF  induces  weak  ERK  phosphorylation  but  strong  Akt  phosphorylation 
in  neonatal  rat  Schwann  cells.  Schwan  cells  were  cultured  with  50ng/ml  of  SCF  for  up 
to  120  minutes.  Schwann  cells  were  lysed  and  25ug  of  proteins  were  analyzed  by 
immunoblotting  with  a  phosphorylated  specific  Akt  antibody  (panel  A),  the  Akt  antibody 
(panel  B),  or  the  phosphorylated  specific  ERK  antibody  (panel  C).  These  immunoblots 
are  a  representative  experiment  repeated  3  times  with  similar  results. 
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Figure  10.  SCF  does  not  induce  neonatal  rat  Schwann  cell  proliferation.  Schwann 
cells  were  cultured  in  the  presence  of  increasing  concentrations  of  SCF  for  96  hours.  Cell 
number  was  evaluated  by  the  colorimetric  MTT  assay  after  96  hours  in  culture.  Values 
are  expressed  as  mean  of  at  least  3  replicates  from  a  representative  experiment  repeated  3 
times.  Error  bars  represent  standard  deviations.  The  data  were  statistically  analyzed 
using  One  Way  Analysis  of  Variance  (ANOVA)  and  no  statistical  significance  was  found 
(F=0.990). 
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Figure  11.  SCF  does  not  synergize  with  NDF  to  increase  Schwann  cell  proliferation. 

Schwann  cells  were  cultured  in  the  presence  of  20ng/nil  of  NDF  and  increasing 
concentrations  of  SCF  for  96  hours.  Cell  number  was  evaluated  by  the  colorometric 
MTT  assay  after  96  hours  in  culture.  Values  are  expressed  as  mean  of  at  least  3 
replicates  from  a  representative  experiment  repeated  3  times.  Error  bars  represent 
standard  deviations.  The  data  were  statistically  analyzed  using  One  Way  Analysis  of 
Variance  (ANOVA)  and  no  statistical  significance  was  found  (F=0.962). 
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Figure  12.  SCF  does  not  induce  Schwann  cell  differentiation.  Schwann  cells  were 
cultured  in  the  presence  of  lOOng/mlof  SCF  up  to  72  hours.  RT/PCR  amplification  of  PO 
mRNA  were  performed  for  each  time  point.  Photograph  of  PO  products,  603  base  pairs 
were  separated  on  a  2%  agarose  gel  stained  with  ethidimn  bromide.  Molecular  weight 
markers  (MW)  are  derived  from  Hae  III  digest  of  viral  DNA.  These  PCR 

products  are  a  representative  experiment  repeated  3  times  with  similar  results. 
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Figure  13.  SCF  promotes  Schwann  cell  survival.  Schwann  cells  were  cultured  in  the 
presence  of  SCF  for  72  hours.  Using  the  TUNEL  assay,  apoptotic  cells  display 
fluorescent  nuclei.  Control  cells  without  TdT  (A),  serum  free  medium  (B),  Schwann  cells 
in  serum  free  medium  with  SCF  (50ng/ml)  (C),  and  Schwann  cells  in  serum  free  medium 
with  neuregulin  (SOng/ml)  (D).  These  photographs  are  a  representative  field  of  an 
experiment  for  repeated  3  times  with  similar  results. 
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Figure  14.  SCF  promotes  Schwann  cell  survival.  Schwann  cells  were  cultured  in 
serum  free  media,  in  the  presence  of  SCF  (25  or  50ng/m),  or  in  the  presence  of  SCF 
(50ng/ml)  with  LY294002  (lOuM)  for  72  hours.  Apoptotic  cells  were  determined  using 
TUNEL  assays.  Values  are  the  mean  percentage  of  apoptotic  cells  of  an  experiment 
repeated  3  times.  Error  bars  represent  +/-  standard  error  of  the  mean.  2  fields  of  120-150 
cells  were  counted  for  each  experiment  at  each  condition.  The  data  were  determined  to 
be  statistically  significant  using  ANOVA  (F(3,8)=13.992).  Post-hoc  comparisons  were 
determined  using  Tukey’s  LSD  (*,  significantly  different  from  control,  P<0.05). 
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Discussion 

In  this  study,  we  have  shown  that  c-kit  is  developmentally  regulated  in  rat  sciatic 
nerves.  C-kit  expression  is  at  its  highest  level  during  postnatal  development  and  at  its 
lowest  level  in  the  adult.  C-kit  expression  is  inversely  related  to  that  of  PO  expression.  In 
intact  sciatic  nerves  neurofibromin  expression  is  present  in  the  adult  but  absent  in 
neonatal  rats.  Using  immimohistochemistry,  c-kit  receptors  have  been  localized  to 
Schwann  cells  in  sciatic  nerves.  In  addition,  cultured  neonatal  rat  Schwann  cells  express 
c-kit  mRNA  and  c-kit  protein.  Upon  the  addition  of  SCF,  c-kit  activation  results  in  the 
phosphorylation  of  Akt  and  not  ERK.  Functionally,  the  activation  of  c-kit  with  SCF 
prevents  Schwann  cell  apoptosis  and  neither  proliferation  nor  differentiation.  C-kit 
activation  in  NFl  Schwann  cells  results  in  the  activation  of  Akt  and  ERK,  which  is  not 
the  case  in  cultured  neonatal  Schwann  cells.  Interestingly,  normal  human  adult  Schwann 
cells  do  not  express  c-kit  while  NFl  Schwann  cells  overexpress  c-kit. 

Receptor  expression  in  the  development  of  sciatic  nerves 

Schwann  cells  expressed  many  growth  factor  receptors  on  their  surface.  The 
PDGF  receptor  has  been  well  studied  in  Schwann  cells,  but  it  is  not  developmentally 
regulated.  Its  expression  is  as  high  in  neonate  as  in  the  adult  (Eccleston  et  al.,  1993). 

The  erb-B  receptor  family  is  another  type  of  Schwann  cell  surface  growth  factor  receptor 
that  is  regulated  during  development.  Similar  to  c-kit,  Erb  2  expression  is  high  in 
neonatal  sciatic  nerves  but  is  low  in  the  adult  (Cohen  et  al.,  1992).  In  addition,  ErbB3  is 
developmentally  regulated  similar  to  erbB2  (Dang,  unpublished  observations). 
Furthermore,  NGF  is  another  growth  factor  receptor,  which  is  regulated  during 
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development  (Lemke  et  al,  1988).  The  developmental  regulation  of  c-kit  expression  is 
similar  to  that  of  p75  expression.  Both  receptors  expressions  are  high  in  rat  sciatic  nerves 
until  postnatal  day  6  and  decrease  to  low  levels  at  postnatal  day  14  and  in  the  adult 
(Tikoo  et  al.,  2000).  At  the  time  when  both  receptor  expressions  decrease,  PO  expression 
increases  to  maximal  level  in  the  adult.  Interestingly,  neurofibromin  is  absent  in  neonatal 
sciatic  nerves,  but  is  present  in  the  adult.  Its  expression  is  high  in  the  neonatal  stages  and 
disappears  in  the  adult.  These  results  suggest  that  the  lack  of  neurofibromin  expression 
correlates  with  the  proliferation  of  Schwann  cells.  Similar  to  other  growth  factor 
receptors,  c-kit  activation  contributes  to  the  development  of  Schwann  cells.  Both  Erb-B2 
and  p75  receptor  expressions  are  inversely  correlated  with  that  of  PO  protein.  In  neonates 
c-kit  expression  is  high  during  the  proliferating  stages  of  Schwann  cells,  but  is  low  during 
the  differentiating  stages  of  Schwann  cells  in  the  adult.  Taken  together,  c-kit  expression 
may  be  important  during  the  survival  phase  of  Schwanim  cells  during  development. 

c-kit  expression  in  Schwann  cells 

In  this  study,  we  report  that  c-kit  is  expressed  by  2  additional  NF  cell  lines,  the 
90-8  and  88-3,  which  are  missing  neurofibromin  (Badache  et  al.,  1998;  DeClue  et  al., 
1992).  The  expression  of  c-kit  correlates  with  the  absence  of  neurofibromin  in  Schwann 
cells  derived  from  NF  tumors.  These  observations  are  consistent  with  those  in  studies 
performed  by  Ryan  et  al.  (1994)  and  Badache  et  al.  (1998).  However,  we  report  that 
neonatal  rat  Schwann  cells  express  low  c-kit  receptor  levels  on  their  surface  compared  to 
that  of  NF  Schwann  cells  overexpressing  c-kit.  These  results  are  in  contrast  to  the 
findings  reported  by  Ryan  and  co-workers,  who  did  not  detect  any  c-kit  mRNA  or  c-kit 
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protein  expression  in  normal  Schwann  cells  (Ryan  et  al.,  1994).  The  difference  may  be 
explained  by  the  use  of  primers  with  higher  affinities  for  mRNA  detection  and  FACS 
analysis  instead  of  immunoblots.  hi  addition,  Badache  and  co-workers  did  not  detect  c- 
kit  in  normal  Schwann  cells,  since  the  amount  of  protein  analyzed  was  two  fold  less  and 
autoradiography  not  sufficiently  long  enough  for  detection.  In  conclusion,  increased 
proteins  loaded  for  immunoblotting  and  longer  exposure  during  autoradiogr^hy  may 
explain  the  discrepancies  observed  between  reports. 

Schwann  cells  and  apoptosis 

Schwann  cells  undergo  apoptosis  when  incubated  in  serum  free  media  over  3  days 
(Syroid  et  al.,  1998;  Delaney  et  al.,  1999).  Schwann  cell  apoptosis  is  mediated  by 
caspase  activities,  and  the  cells  can  be  rescued  by  IGF  (Delaney  et  al.,  1999).  Salzer  et 
al.  (2000)  reported  that  neuregulins  promote  Schwann  cell  survival  through  the 
phosphorylation  of  Akt.  Similarly,  our  results  show  that  SCF  is  able  to  rescue  Schwann 
cells  from  programmed  cell  death  via  the  activation  of  Akt.  However,  SCF  is  not  as 
potent  as  neuregulins  that  have  already  documented  effects  on  Schwann  cell  survival 
(Syroid  et  al.,  1996;  Maurel  et  al.,  2000).  The  difference  between  the  two  growth  factors 
may  be  that  neuregulins  activate  several  signaling  pathways,  including  MAPK  and  PI3K, 
while  SCF  only  activates  PI3K.  Taken  together,  the  activation  of  c-kit  by  SCF  prevents 
Schwann  cell  death  during  development  and  contributes  to  the  survival  of  NFl  Schwann 


cells. 
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Schwann  cells  and  neuroflbromin  expression 

Several  studies  have  reported  that  neuroflbromin  regulates  Ras  due  to  its 
homologous  sequence  to  GTPase  activating  protein,  GAP,  (DeClue  et  al.,  1992).  This 
sequence  represents  only  a  small  fraction  of  the  neuroflbromin  protein,  while  the  majority 
of  the  Nfl  gene  product  has  yet  to  be  characterized.  It  is  possible  that  neuroflbromin  may 
play  a  role  in  the  proliferation  of  Schwann  cells  during  development.  Wrabetz  et  al., 
(1995)  reported  the  lack  of  regulation  for  NFl  mRNA  expression  but  did  not  investigate 
neuroflbromin  protein  in  rat  sciatic  nerves.  In  this  study  we  report  that  neuroflbromin  is 
developmentally  regulated  and  expressed  only  in  adult  sciatic  nerves.  Our  findings 
suggest  that  neuroflbromin  is  translationally  regulated  in  Schwann  cells.  Neuroflbromin 
expression  is  absent  in  human  fetal  Schwann  cells  but  present  in  adult  human  Schwann 
cells  (Dang,  unpublished  observations).  These  observations  are  consistent  with  the  idea 
that  neurofibromin  plays  a  role  of  a  suppressor  of  proliferation.  It  is  absent  during  the 
proliferating  stages  of  Schwann  cells  but  is  present  when  Schwann  cells  stop 
proliferating.  The  loss  of  neurofibromin  in  combination  with  other  factors  results  in  the 
transformation  of  adult  Schwann  cells  leading  to  the  development  of  neurofibromas. 

Interestingly,  neonatal  sciatic  nerves  do  not  express  neurofibromin,  but  cultured 
neonatal  rat  Schwann  cells  express  high  levels  of  neurofibromin.  During  Schwann  cell 
isolation,  the  Schwann  cells  lose  axonal  contact  and  cease  to  proliferate.  Concomitantly, 
they  increase  the  expression  of  neurofibromin,  which  correlates  with  the  normal  non¬ 
proliferative  stage  of  Schwann  as  in  the  adult.  Numerous  reports  have  shown  that 
Schwann  cells  freshly  isolated  from  neonatal  rat  sciatic  proliferate  minimally  unless 
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cultured  with  forskolin  and  growth  factors,  such  as  neuregulins.  Similar  to  our  findings, 
Wrabetz  et  al.  (1995)  reported  that  cultured  neonatal  rat  Schwann  cells  express 
neurofibromin.  hi  contrast  to  our  studies,  they  investigated  the  regulation  of 
neurofibromin  mRNA  expression  and  not  neurofibromin  protein  expression  in  rat  sciatic 
nerves. 

As  shown  previously,  the  loss  of  neurofibromin  in  adult  Schwann  cells  leads  to 
abnormal  cell  proliferation.  It  is  possible  that  the  loss  of  neurofibromin  in  Schwann  cells 
induces  the  aberrant  expression  of  c-kit.  However,  the  molecular  mechanism  for  this 
abnormal  expression  of  this  growth  factor  receptor  is  still  under  investigation.  As  it  is  in 
a  number  of  cancers,  c-kit  may  be  a  receptor  involved  in  the  development  of  Schwann 
cells  and  due  to  a  series  of  mutations,  such  as  the  loss  of  neurofibromin,  c-kit  is 
inappropriately  re-expressed  in  NFl  Schwann  cells. 

c-kit  expression  in  tumor  cells 

The  expression  of  c-kit  has  been  associated  with  several  types  of  tumors  including 
gliomas,  melanomas,  myeloid  leukemias,  small  cell  lung  cancer,  and  breast  cancer 
(Krystal  et  al.,  1996;  Tuner  et  al.,  1993).  In  humans,  series  of  gain-of-function  mutations 
in  the  c-kit  juxtamembrane  region  have  been  found  in  gastrointestinal  stromal  cell  tumors 
(Hirota  et  al.,  1998).  C-kit  is  also  aberrantly  expressed  in  approximately  70%  of  all  small 
cell  carcinomas  in  the  lung  (SCCL),  as  well  as  in  breast,  cervical  and  ovarian  tumors 
(Tuner  et  al.,  1993;  Hines  et  al.,  1995;  Hines  et  al.,  1996).  Schwann  cells  derived  fi-om 
NFl  tumors  have  high  levels  of  c-kit  expression  contributing  to  Schwann  cell  neoplasia 
(Badache  et  al.,  1998).  Coexpression  of  c-kit  and  SCF  in  NFl  Schwann  cells  generates 
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an  autocrine  loop  that  may  play  a  role  in  the  etiology  of  these  diseases  (Badache  et  al. 
1998;  Ryan  et  al.,  1994).  Our  results  report  that  additional  cell  lines,  the  90-8  and  88-3, 
express  c-kit  as  well.  In  contrast  to  NFl  Schwann  cells,  normal  adult  human  Schwann 
cells  expressing  neurofibromin  do  not  have  c-kit  on  their  surfaces.  Taken  together,  the 
loss  of  neurofibromin  in  Schwann  cells  may  induce  aberrant  expression  of  growth  factor 
receptors,  such  as  c-kit,  contributing  to  Schwann  cell  transformation  and  the  development 
of  NF  tumors. 

c-kit  and  glial  cells 

C-kit  expression  has  been  detected  in  many  glial  cells,  but  the  normal  fimction  of 
the  c-kit  receptor  differs  depending  on  the  cell  type.  For  instance,  high  c-kit  expression 
levels  induced  by  HIV  are  associated  with  astrocyte  apoptosis  (He  et  al.,  1997).  In  the 
case  of  oligodendrocytes,  c-kit  expression  is  increased  between  postnatal  days  10  and  12, 
suggesting  that  c-kit  and  its  ligand  may  play  a  role  during  oligodendrocyte  development 
(Ida  et  al.,  1993).  Similarly,  c-kit  expression  is  developmentally  regulated  in  Schwann 
cells.  Our  results  suggest  that  activation  of  c-kit  prevents  Schwann  cell  apoptosis  in  the 
embryonic  and  neonatal  stages  of  development  to  obtain  the  appropriate  Schwann  cell 
numbers  needed  for  the  myelination  of  a  segment  of  the  axon.  Previous  reports  have 
shown  that  the  ligand  for  c-kit,  SCF,  may  be  secreted  by  axons  (Young  et  al.,  1998)  or 
may  also  be  secreted  from  mast  cells  (De  Paulis  et  al.,  1999).  Taken  together,  SCF  may 
be  a  growth  factor  important  for  the  survival  Schwann  cell  during  development. 
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Conclusion 

In  summary,  c-kit  is  important  for  Schwann  cell  development  and  its  expression  is 
inversely  correlated  with  that  of  neurofibromin.  hi  addition,  we  have  shown  that  normal 
human  adult  Schwann  cells  do  not  express  c-kit,  but  all  NFl  cell  lines  aberrantly  express 
c-kit.  Although  we  do  not  know  the  functions  of  neurofibromin  during  development,  our 
results  indicate  its  expression  increases  in  the  adult.  Interestingly,  an  inverse  correlation 
exists  between  neurofibromin  and  c-kit  expression.  Activation  of  c-kit  with  SCF 
prevents  Schwann  cell  apoptosis  in  the  neonates  and  contributes  to  the  increased  survival 
of  NFl  Schwann  cells  (summarized  in  figure  15).  The  loss  of  neurofibromin  is  the  first 
event  in  a  long  series  of  events  that  leads  to  the  re-expression  of  c-kit  contributing  to  the 
development  of  NFl  tumors.  These  results  may  provide  a  better  understanding  of  the 
molecular  mechanisms  leading  to  the  abnormal  proliferation  of  Schwann  cells  in  patients 
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Abstract 

Neurofibromatosis  type  1  (NFl)  is  a  genetic  disease  characterized  by  the  loss  of 
neurofibromin  leading  to  the  formation  of  either  benign  Schwann  cell  tumors 
(neurofibromas)  or  highly  invasive  and  metastatic  Schwann  cell  tumors 
(neurofibrosarcomas).  Our  laboratory  has  studied  growth  factor  receptor  expression  and 
signal  transduction  pathways  in  Schwann  cells  to  better  imderstand  the  molecular  basis  of 
hyperplasia  in  NFl .  We  now  report  that  the  ERK  and  PBK  pathways  are  both  activated 
in  response  to  PDGF  BB  in  normal  hiunan  adult  Schwann  cells  and  Schwann  cells 
derived  NFl  tumors.  Inhibition  of  the  PI3K  pathway  leads  to  the  decreased  proliferation 
of  NFl  Schwann  cells.  Interestingly,  PDGF  BB  induces  increases  in  intracellular 
calcium  levels  only  in  NFl  Schwann  cells.  In  addition,  PDGF  BB  induces 
phosphorylation  of  calmodulin  kinase  II  (CAMKII)  in  NFl  Schwann  cells,  and  the 
CAMKII  inhibitor,  KN62,  decreases  the  proliferation  of  NFl  Schwann  cells  stimulated 
by  PDGF  BB.  Overall,  these  results  indicate  that  the  aberrant  activation  of  the  calcium 
signaling  pathway  in  Schwaim  cells  contributes  to  the  formation  of  NFl  tumors. 


Introduction 

Neurofibromatosis  type  1  (NFl)  is  an  inherited  disease,  which  is  diagnosed  by 
many  symptoms  including  neurofibromas,  cafe-au-lait  spots,  and  learning  disabilities 
(Friedman  et  al.,  1999).  Among  the  numerous  hallmarks  of  NFl  are  the  formation  of 
either  benign  Schwann  cell  tumors  of  peripheral  nerve  sheath  called  neurofibromas  or 
sometimes  lethal  malignant  peripheral  nerve  sheath  tumors,  which  are 
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neurofibrosarcomas.  The  tumors  of  this  genetic  disease  are  caused  by  defects  of  the  NFl 
gene  resulting  in  the  absence  of  its  protein  product,  neurofibromin.  Although  the 
function  of  neurofibromin  is  not  known,  its  loss  leads  to  the  elevated  levels  of  the 
activated  form  of  Ras  (Ras-GTP).  Past  studies  have  shown  that  Ras-GTP  levels  are 
elevated  in  neurofibrosarcoma  tumors  from  NFl  patients  and  Schwann  cells  derived  from 
mice  lacking  NFl  (Feldkamp  et  al.,  1999;  Kim  et  al.,  1995).  However,  the  link  between 
the  development  of  Schwann  cells  tumors  and  the  loss  of  neurofibromin  has  not  yet  been 
clearly  established. 

As  it  is  the  case  with  several  types  of  cancer,  aberrant  expression  of  growth  factor 
receptors  may  play  a  role  in  cellular  transformation.  Schwann  cell  lines  derived  from 
NFl  tumors  expressed  aberrant  growth  factor  receptor  expression.  Badache  et  al.(1998) 
have  previously  reported  that  Schwann  cells  overexpress  c-kit  and  PDGF  receptors.  In 
addition,  the  aberrant  expression  of  the  EGF  receptors  has  been  documented  on  the 
surface  of  NFl  Schwann  cells  (DeClue  et  al.,  2000).  Interestingly,  NFl  Schwann  cells 
lack  Erb-B2  receptors  (Badache  et  al,  1998),  which  are  activated  in  response  to 
neuregulin,  the  most  potent  growth  factor  for  normal  Schwann  cells  (Morrisey  et  al, 
1995).  Taken  together,  these  results  implicate  aberrant  growth  factor  receptor  expression 
in  the  development  of  Schwann  cell  tumors  in  NFl  patients. 

The  activation  of  PDGF  receptors  in  NFl  cells  may  lead  to  abnormal  activation  of 
intracellular  signaling  pathways  contributing  to  increased  NFl  Schwann  cell  proliferation 
compared  to  normal  human  adult  Schwann  cells.  In  this  study  we  report  that  both  the  PI3 
kinase  pathway  and  the  calcium  pathway  mediate  NFl  Schwann  cell  proliferation 
induced  by  PDGF  BB.  The  ERK  pathway  was  activated  in  response  to  PDGF  BB. 


Materials  and  Methods 


Cell  lines  and  Reagents 

Recombinant  platelet  derived  growth  factor  BB  (PDGF  BB)  was  purchased  from  R&D 
(Minneapolis,  MN).  Thapsigargin  was  from  Biomol  (Plymouth  Meeting,  PA),  rapamycin 
(Calbiochem),  JCN62  (Biomol),  PD98059  (Calbiochem),  LY294002  (Calbiochem). 

PDGF  receptor  beta  (Santa  Cruz),  Neurofibromin  (Santa  Cniz),  pERK  (Cell  signaling), 
pAkt  (Cell  Signaling),  Akt  (Cell  Signaling),  CAMK II  (Promega). 

The  cell  lines  ST88-14,  T265,  STS  26T  used  in  these  studies  were  previously  described 
(Badache  et  al.,  1998).  The  90-8  and  88-3  cell  lines  were  obtained  from  Dr.  Jeff  DeClue 
have  been  previously  described  (DeClue  et  al.  1992).  Cells  were  cultured  as  monolayers 
in  low  glucose  Dulbecco’s  Modified  Eagle’s  Medium  (DMEM)  supplemented  with  10% 
FBS,  100  units/ml  penicillin  and  lOOug/ml  streptomycin,  and  maintained  at  37°C  in  a 
humid  atmosphere  of  1 0%  CO2/90%air.  For  proliferation  assay  and  western  blotting, 
cells  were  serum  starved  overnight  and  were  cultured  in  serum  free  media  with  PDGF  BB 
alone  or  in  combination  with  inhibitors. 

Human  Schwann  cells 

Primary  human  Schwaim  cell  cultures  were  established  as  described  by  Wood  et 
al.,  (2000)  (Miami  Project,  University  of  Miami,  Miami,  Fla).  Fresh  human  peripheral 
nerves  (cauda  equina)  were  obtained  from  Dr.  Wood  from  transplant  patients.  For  ten 
days,  the  nerve  fragments  were  placed  in  DMEM  containing  10%  heat  inactivated  fetal 
bovine  serum  (Hyclone,  Logan,  UT),  2uM  forskolin,  lOnM  NDF  pi  (Amgen  Inc., 
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Thousand  Oaks,  CA),  50U/ml  penicillin  and  0.05  mg/ml  streptomycin  (Sigma,  St  Louis, 
MO).  Then  the  fragments  were  dissociated  in  DMEM  containing  10%  heat  inactivated 
fetal  bovine  serum,  2uM  forskolin,  lOnM  NDF,  50U/ml  penicillin  and  0.05  mg/ml 
streptomycin,  0.05%  collagenase  (Worthington  Biochemicals,  Freehold,  NJ)  and  0.25  % 
dispase  (Boehringer  Mannheim,  Indianapolis,  IN)  in  a  erlenmyer  flask.  The  nerve 
fragments  were  incubated  at  37C  in  a  5%  C02  incubator  in  the  enzyme  solution  for  18h. 
After  centrifugation,  the  cells  were  resuspended  in  fresh  media  and  were  plated  in 
100mm  culture  dishes  in  DMEM  containing  10%  heat  inactivated  fetal  bovine  serum, 
2uM  forskolin,  and  lOnM  NDFpi.  In  Schwann  cells  cultured  without  forskolin,  the 
nerve  fragments  were  incubated  with  DMEM  containing  10%  serum  for  3  days.  Then  the 
nerve  fragments  were  worked  up  as  previously  described  in  media  containing  10%  serum 
with  no  forskolin  or  NDF  pi.  The  cells  were  harvested  24  hours  after  plating. 

NFl  tumors 

NFl  tumors  were  obtained  from  patients  diagnosed  with  NFl  and  were  removed 
by  Dr.  John  Shea  at  Loyola  University  Medical  Center. 

MTT  assay 

This  assay  involved  a  spectophotometric  analysis  of  the  degradation  of  the 
bromide  salt  MTT  (3-[4,5-dimethythiazol-2-yl]-2,5  diphenyl  tetrazolium  bromide)  by 
mitochondrial  dehydrogenase  enzymes  yielding  piuple  formazan  crystals  as  a  by-product 
of  this  reaction.  After  the  incubation  treatment,  MTT  labeling  reagent  (0.5mg/ml)  were 
added  to  cell  cultures  for  4  hours  (humidified  atmosphere,  5%  CO2, 37°C).  Following 
overnight  incubation  with  a  solubilization  solution  (10%  SDS  in  0.01  M  HCL),  the 


amount  of  solubilized  formazan  crystals  were  quantified  at  595  nm  using  an  automated 
microplate  reader  EL31  Isx  (Bio-Tek  Instruments,  Inc.,  Winooski,  VT).  Increases  in 
absorbance  correlated  with  the  number  of  cells. 

Western  blotting 

Cells  cultured  in  DMEM  supplemented  with  10%  PCS  were  lysed  in  RIP  A  (1% 
triton  X-100, 0.5%  sodium  deoxycholate,  0.1%  SDS  in  phosphate  buffer  saline) 
containing  a  cocktail  of  protease  inhibitors,  PMSF,  leupeptin,  aprotinin  (Calbiochem). 
Tumors  lysates  were  obtained  by  homogenizing  the  tissue  in  RIP  A.  Protein  lysates  were 
separated  by  electrophoresis  in  a  4  to  10%  gradient  polyacrylamide  gel  (InVitrogen)  and 
transferred  onto  a  PVDF  membrane  (Dupont,  NEN,  Boston,  MA)  for  1  hour  at  80V. 
After  blocking  with  a  5%  nonfat  dry  milk  solution  for  30  minutes,  the  PVDF  membrane 
were  incubated  in  the  presence  of  the  primary  antibody  overnight  at  4®C.  Following  4 
washes  in  PBS  containing  1%  Tween  20  for  20  minutes,  the  membrane  was  incubated 
with  a  horseradish  peroxidase-conjugated  secondary  antibody  for  1  hour  at  room 
temperature  (Transduction  Systems,  San  Diego,  CA).  After  3  washes  with  PBS-T  for  10 
minutes  each,  the  immunoreactivity  was  detected  by  enhanced  chemiluminescence 
(Dupont-NEN,  Boston,  MA). 

Digital  fluorescence  ratio  imaging  of  intracellular  calcium 

NFl  Schwann  cells  and  normal  hmnan  human  Schwann  cells  were  seeded  onto 
25mm  coverslips  in  DMEM  low  glucose  with  10%FBS.  Following  serum  starvation 
overnight,  cells  were  loaded  with  0.5  to  luM  of  with  the  Ca^^  sensitive  indicator  fura- 
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2/AM  (Molecular  probes,  Eugene,  OR)  in  DMEM  or  HESS  (Gibco  BRL,  Gaithersburg, 
MD)  for  20  minutes  at  37°C.  After  washing  the  cells  twice  with  PBS  or  HBSS,  the 
coverslip  was  fitted  in  a  holder  with  a  maximum  holding  volume  of  1ml.  The  holder  was 
filled  with  1  ml  of  warm  HBSS  or  PBS  and  mounted  onto  the  microscope  stage  of  a  Zeiss 
Axiovert  135  inverted  microscope  equiped  with  digital  fluorescence  microscopy.  Fields 
of  at  least  20  cells  were  selected  for  Ca^^  measurements  using  a  fluor  x40  oil  objective. 
Computer  images  of  at  the  cells  were  captured  and  digitally  monitored  using  a  ICCD 
camera.  Recordings  measured  changes  in  fluorescence  intensity  in  Schwann  cells  in  a 
Hepes-buffered  balanced  salt  solution  (pH  7.2)  or  in  PBS  at  room  temperature.  The 
excitation  light  from  a  xenon  lamp  alternated  between  340nm  (Ca^^  bound)  and  380nm 
(Ca^^  fi-ee)  band  excitation  filters,  and  the  emission  was  measured  at  520nm.  Following 
60-90s  of  baseline  measurements,  PDGF  BB  or  thapsigargin  were  added  at  the  indicated 
time  into  the  1  ml  holding  volume  and  assayed  for  a  change  in  Fura-2  ratio.  Fluorescence 
signals  of  at  least  20  cells  were  acquired,  stored,  and  analyzed  using  the  Zeiss  Attofluor 
Ratio  Vision  system;  increases  in  intracellular  calcium  were  determined  using  the  ratio 
method. 

STATISTICS 

Statistics  were  determined  using  the  Sigma  Plot  2.0  software. 


83 


Results 

PDGF  receptor  P  and  neurofibromin  expression  in  NFl  cell  lines,  non-NFl,  and 
normal  Schwann  cells. 

We  reported  that  PDGF  receptor  p  was  overexpressed  in  2  neurofibrosarcoma  cell 
lines:  ST88  and  T265  (Badache  et  al.,  1998).  We  extended  this  observation  to  the  90-8 
and  88-3  NFl  cell  lines.  To  investigate  the  expression  of  PDGF  receptor  in  MPNST  cell 
lines,  25ug  of  cell  lysates  were  analyzed  by  immunoblotting  using  a  PDGF  receptor  p 
antibody.  All  NFl  cell  lines  (T265,  ST88, 90-8,  and  88-3)  expressed  high  levels  of 
PDGF  receptor  compared  to  the  non-NFl  cell  line  (STS26T),  which  expressed  low  levels 
of  this  tyrosine  kinase  receptor  (figure  16A).  The  high  levels  of  PDGF  receptor  P  in  NFl 
cells  are  associated  with  the  absence  of  neurofibromin  (figure  16B).  Interestingly, 
normal  human  adult  Schwann  cells  isolated  from  human  peripheral  nerves  had 
comparable  PDGF  receptor  expression  to  the  T265  NFl  cell  line  as  shown  in  figure  16A. 
These  high  receptor  levels  in  normal  adult  Schwann  cells  are  not  related  to  the  chronic 
elevation  of  intracellular  cAMP  due  to  the  forskolin  since  the  PDGF  receptor  is  still 
present  in  cells  not  treated  with  forskolin  as  shown  in  figure  16 A.  In  addition,  the 
normal  human  Schwann  cells  express  normal  levels  of  neurofibromin  (figure  16B). 

PDGF  receptor  P  expression  in  NFl  tumors 

We  have  shown  that  NFl  cells  expressed  PDGF  receptor,  but  we  wanted  to 
investigate  the  expression  of  PDGF  receptor  tumors  directly  in  the  tumors.  To  determine 
PDGF  growth  factor  receptor  expression  in  NFl  tumors,  lysates  from  4  different  NFl 
tumors  were  analyzed  by  immunoblotting  using  a  PDGF  receptor  p  antibody.  Most 
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tumors  express  high  levels  of  PDGF  receptor  as  illustrated  in  figure  17.  These  results 
confirm  that  cells  present  inside  the  tumor  expressed  the  receptor.  Most  cells  present  in 
the  tumor  are  Schwann  cells;  however,  other  cells  within  the  tumor  expressing  PDGF 
receptor  cannot  be  ruled  out.  As  we  have  previously  reported  (Badache  et  al.,  1998)  cell 
lines  derived  from  NFl  tumors  express  PDGF  receptors  as  well. 

PDGF  BB  and  downstream  effectors  in  T265  cells 

We  wanted  to  study  effectors  downstream  of  the  PDGF  receptor  when  activated 
by  PDGF  BB,  such  as  the  phosphorylation  of  ERK  and  Akt.  To  investigate  ERK  or  Akt 
phosphorylation  induced  by  PDGF  BB,  NFl  cells  were  cultured  in  serum  free  medium 
with  20  ng/ml  PDGF  BB  for  up  to  120  minutes.  NFl  cell  lysates  were  analyzed  by 
immunoblotting  using  a  phospho-specific  ERK  or  Akt  antibody.  PDGF  BB  induced 
phosphorylation  of  ERKl  and  ERK2  within  10  minutes  of  stimulation  (figure  18A). 
After  120  minutes,  ERKl  and  ERK2  phosphorylation  decreased  to  basal  levels.  When 
the  cells  were  preincubated  with  the  MEK  inhibitor  PD98059  for  120  minutes,  ERKl  and 
2  phosphorylation  was  not  inhibited  with  the  inhibitor  concentration  as  high  as  10  uM 
(figure  18E).  We  used  a  non-phosphorylated  ERKl  antibody  to  determine  that  protein 
levels  were  similar  for  each  time  point,  as  shown  in  figure  18C. 

In  addition,  PDGF  BB  induced  phosphorylation  of  Akt  within  10  minutes  of 
stimulation  as  shown  in  figure  18B.  After  60  minutes,  Akt  phosphorylation  decreased  to 
basal  levels.  We  confirmed  equal  protein  loading  for  each  time  point  with  an  antibody 
against  the  non-phosphorylated  form  of  Akt  (figure  18D).  To  determine  if  Akt 
phosphorylation  was  mediated  by  PI3K,  an  upstream  effector  molecule  of  Akt,  we 
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preincubated  the  cells  with  different  concentrations  (0  to  20uM)  PI3K  inhibitor 
LY294002  for  120  minutes.  As  shown  in  figure  18F,  Akt  phosphorylation  was 
decreased  in  a  dose  dependent  manner,  and  using  the  inhibitor  a  concentration  of  20uM 
resulted  in  the  maximal  decrease  in  phosphorylation. 

Overall,  these  results  suggest  that  the  growth  factor  PDGF  BB  induces  the 
activation  of  Akt  and  ERK  in  the  ERK  pathway  and  Akt  of  the  PBK  pathway  in  NFl 
Schwann  cells.  Next  we  wanted  to  known  if  these  2  pathways  are  also  activated  in 
normal  human  adult  Schwann  cells. 

PDGF  BB  and  downstream  effectors  in  normal  human  adult  Schwann  cells 

We  postulated  that  PDGF  BB  does  not  phosphorylate  the  same  downstream 
effectors  in  normal  human  adult  Schwann  cells  as  those  in  NFl  Schwann  cells.  To 
investigate  the  ERK  and  Akt  phosphorylation,  normal  human  adult  Schwann  cells  were 
cultured  in  serum  free  medium  with  20ng/ml  PDGF  BB  for  up  to  120  minutes.  Normal 
Schwann  cell  lysates  were  analyzed  by  immunoblotting  using  a  phospho  specific  ERK 
and  Akt  antibody.  PDGF  BB  induced  phosphorylation  of  ERK  after  10  minutes  and  the 
activation  decreased  to  basal  levels  after  60  minutes  (figure  19A).  Similarly,  the  addition 
of  PDGF  BB  to  normal  human  adult  Schwann  cells  resulted  in  Akt  phosphorylation  after 
10  minutes.  Akt  phosphorylation  remained  above  basal  levels  after  120  minutes,  as 
illustrated  in  figure  19B.  Overall,  these  results  suggest  that  PDGF  BB  induces 
phosphorylation  of  ERK  and  Akt  in  normal  human  adult  Schwann  cells  similar  to  NFl 
Schwann  cells.  The  loss  of  neurofibromin  in  Schwann  cells  does  not  cause  signaling 
abnormalities  in  the  ERK  and  the  PI3K  pathway. 
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Despite  activation  of  similar  signaling  molecules  to  NFl  Schwann  cells  by  PDGF 
BB  stimulation,  hmnan  adult  Schwann  cells  did  not  proliferate  to  the  extent  of  NFl 
Schwann  cells  in  response  to  PDGF  BB.  After  72  hours,  PDGF  BB  induces  almost  a  2 
fold  increase  in  NFl  Schwann  cell  proliferation  (Badache  et  al.,  1998b),  while  human 
adult  Schwann  respond  at  a  much  slower  rate,  aroimd  a  1.2  fold  increase  (flgure  20). 

This  difference  in  proliferation  may  be  due  to  the  activation  of  additional  signaling 
pathways  in  NFl  Schwann  cells  compared  to  human  Schwann  cells. 

NFl  cell  proliferation  stimulated  by  PDGF  BB  is  mediated  by  Akt 

Since  the  inhibitor  PD98059  did  not  have  any  effects  of  NFl  cell  proliferation 
induced  by  PDGF  BB,  we  decided  to  investigate  the  role  of  Akt  in  the  PI3K  pathway 
using  2  inhibitors  to  the  PDK  pathway:  wortmannin  and  LY294002.  NFl  cells  were 
cultured  in  serum  free  medium  with  20ng/ml  of  PDGF  BB  in  combination  with  PI3 
kinase  inhibitors  for  72  hours.  The  results  show  that  both  inhibitors  decreased  cell 
proliferation  induced  by  PDGF  BB  compared  to  cells  treated  with  vehicle  (figure  21).  In 
addition,  the  decrease  in  cell  proliferation  was  dose  dependent,  and  the  LY294002 
compound  had  a  more  profound  effect  in  slowing  NFl  cell  proliferation  than  the 
wortmannin  compound.  Overall,  these  results  show  that  NFl  cell  proliferation  induced 
by  PDGF  BB  is  strongly  dependent  on  the  PI3K  pathway. 

PDGF  BB  increases  intracellular  calcium  levels  in  NFl  Schwann  cells 

Another  downstream  effector  of  the  PDGF  receptor  is  the  divalent  cation  calcium, 
which  can  be  released  from  intracellular  storage  in  response  to  the  formation  of  IP3 
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induced  by  PLCy  upon  receptor  stimulation.  To  determine  intracellular  calcium  levels  in 
Schwann  cells,  cells  were  incubated  with  luM  of  Fura  2/ AM  and  changes  in  relative 
fluorescence  of  the  380/340  ratio  were  monitored  for  increases  in  calcium  levels.  The 
individual  recording  of  at  least  20  cells  are  illustrated  in  Hgure  22A.  The  average 
recording  of  NFl  Schwann  cells  showed  a  rise  in  intracellular  calcium  levels  in  response 
to  PDGF  BB  (figure  22B).  The  influx  of  calcium  peaked  100  seconds  after  adding 
PDGF  BB  (flgure  22B).  However,  the  levels  of  calcium  in  normal  human  adult  Schwann 
cells  remain  unchanged  in  response  to  PDGF  BB  but  responded  to  the  addition  of  a  luM 
of  ionomycin,  a  Ca^^  elevating  agent  (figure  23).  The  increase  in  calcium  is  due  to 
intracellular  calcium,  since  in  media  depleted  of  calcium  cells  still  responded  similarly  to 
those  in  calcium  containing  media  (data  not  shown).  To  confirm  these  findings,  we  use 
thapsigargin,  an  ATPase  calcium  pump  inhibitor,  to  block  the  reuptake  of  intracellular 
calcium.  The  addition  of  luM  of  thapsigargin  to  the  cells  resulted  in  an  increase  Ca^"^ 
levels  and  inhibited  further  releases  of  intracellular  calcium  when  PDGF  BB  was  added 
subsequently  (figure  24A).  Cells  treated  with  vehicle  did  not  affect  the  release  of 
calcium  fi-om  intracellular  storage  in  response  to  PDGF  BB  added  subsequently  (figure 
24B).  Thus,  the  soiuce  of  the  PDGF  BB-evoked  calcium  in  NFl  Schwann  cells  is  from 
the  intracellular  calcium  storage. 

PDGF  BB  increases  phosphorylation  of  CAM  KII 

The  increase  in  intracellular  calcium  levels  in  Schwann  cells  may  lead  to 
activation  of  calcium  dependent  proteins,  such  as  CAM  KII,  contributing  to  the  aberrant 
proliferation  of  NFl  Schwann  cells.  To  investigate  phosphorylation  of  CAM  KII,  T265 
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cells  were  cultured  with  serum  free  medium  with  20ng/ml  PDGF  BB  for  up  to  6  hours. 
Schwann  cell  lysates  were  analyzed  by  immunoblotting  using  a  phospho  specific  a  CaM 
KII  antibody.  PDGF  BB  induced  phosphorylation  of  CAM  KII  after  5  minutes  and 
results  in  maximum  phosphorylation  after  120  minutes  (figure  25).  These  results  suggest 
that  the  activation  of  the  PDGF  receptor  with  its  ligand  PDGF  BB  induces  the 
phosphorylation  of  the  CaM  KII. 

The  proliferation  of  NFl  Schwann  cells  stimulated  by  PDGF  BB  is  mediated  by 
CAMKII 

We  investigated  the  role  of  CAMKII  in  the  proliferation  of  NFl  Schwann  cells  in 
response  to  PDGF  BB.  NFl  cells  were  cultured  in  serum  free  medium  with  20ng/ml  of 
PDGF  BB  in  combination  with  the  CAMK II  inhibitor  KN62  for  72  hours.  The  results 
show  that  the  CAMKII  inhibitor  decreased  cell  proliferation  induced  by  PDGF  BB  in  a 
dose  dependent  manner  with  a  maximal  inhibition  at  4uM  (figure  26).  These  results  show 
that  NFl  cell  proliferation  induced  by  PDGF  BB  is  mediated  by  CAMKII  of  the  Ca 
signaling  pathway. 
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Figure  16.  Western  blot  analysis  of  PDGF  Receptor  P  and  neurofibromin 
expression  in  NFl  Schwann  cells  and  normal  Schwann  cells.  Cells  were  lysed  and 
50ug  of  proteins  were  analyzed  by  inunimoblotting  with  PDGF  Receptor  P  (A)  and 
neurofibromin  (B)  antibodies.  These  immunoblots  are  a  representative  experiment 
repeated  3  times  with  similar  results. 
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Figure  17.  Western  blot  analysis  of  PDGF  Receptor  p  in  NFl  tumors.  4  fresh  NFl 
tumors  and  1  human  peripheral  nerve  samples  were  lysed  with  RIPA  and  25ug  of 
proteins  were  analyzed  by  immunoblotting  with  a  PDGF  Receptor  p  antibody.  This 
immunoblot  is  a  representative  experiment  repeated  twice  with  similar  results. 
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Figure  18.  PDGF  BB  induces  phosphorylation  of  ERK  and  Akt  in  NFl  Schwann 
cells.  The  NFl  Schwann  cells  were  cultured  with  20ng/ml  of  PDGF  BB  for  up  to  120 
minutes.  Cells  were  lysed  and  25ug  of  proteins  were  analyzed  by  immunoblotting  with 
an  antibody  specific  for  the  phosphorylated  form  of  ERK  (A)  or  ERK  (C),and  the 
phosphorylated  form  of  Akt  (B)  or  Akt  (D).  Cells  were  incubated  with  increasing 
concentrations  of  PD980509  (E)  or  LY294002  (F)  for  2  hours  prior  to  adding  20ng/ml  of 
PDGF  BB  for  10  minutes.  These  immunoblots  are  a  representative  experiment  repeated 
3  times  with  similar  results. 
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Figure  19.  PDGF  BB  induces  phosphorylation  of  ERK  and  Akt  in  normal  human 
adult  Schwann  cells.  T265  cells  were  cultured  with  20ng/ml  of  PDGF  BB  for  up  to  120 
minutes.  Cells  were  lysed  and  25ug  of  proteins  were  analyzed  by  immunoblotting  with  a 
phospho  specific  ERK  antibody  (A),  a  phospho  specific  Akt  antibody  (B).  These 
immunoblots  are  a  representative  experiment  repeated  3  times  with  similar  results. 
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Figure  20.  PDGF  BB  induces  higher  levels  of  proliferation  in  NFl  Schwann  cells 
than  in  normal  human  adult  Schwann  cell.  Normal  human  Schwann  cells  were 
cultured  in  serum  free  medium  the  presence  of  increasing  concentrations  of  PDGF  BB  (5 
to  40ng/ml)  for  72  hours.  Cell  number  was  evaluated  by  the  colorimetric  MTT  assay  after 
72  hours  in  culture.  The  values  are  a  representative  experiment  repeated  3  times  with 
similar  results.  Values  are  expressed  as  average  fold  increase  over  controls.  Error  bars 
represent  the  standard  deviation  of  3  replicates. 
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Figure  21.  PDGF  BB  stimulated  NFl  Schwaun  cell  proliferation  is  mediated  by 
PI3K.  T265  cells  were  cultured  in  serum  free  medium  the  presence  of  20ng/ml  of  PDGF 
BB  with  vehicle  or  increasing  concentrations  of  2  PI3K  inhibitors,  wortmannin  and 
LY294002,  for  72  hours.  Cell  number  was  evaluated  by  the  colorimetric  MTT  assay  after 
72  hours  in  culture.  Values  are  expressed  mean  of  at  least  3  replicates  from  a 
representative  experiment  repeated  3  times.  Error  bars  represent  +/-  standard  deviation  of 
3  replicates.  The  data  were  determined  to  be  statistically  significant  using  ANOVA: 
LY294002  (F(4,10)=105.313),  Wortmannin  (F(4,10)=63.34).  Post-Hoc  comparisons 
were  determined  using  Tukey’s  LSD  (*,  significantly  different  from  control,  P<0.05). 
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Figure  22.  PDGF  BB  elevates  intracellular  calcium  in  NFl  Schwann  cells.  Schwann 
cells  were  loaded  with  Fura-2/AM  for  20  minutes  and  levels  of  intracellular  calcium  were 
measured  using  the  340/360  ratio.  Individual  cell  responses  are  depicted  in  (A)  and  the 
average  of  20  cells  were  depicted  in  (B).  These  calcium  ratio  tracings  are  a 
representative  experiment  repeated  4  times  with  similar  results. 


Figure  23.  PDGF  BB  does  not  elevate  intracellular  calcium  in  normal  human  adult 
Schwann  cells.  Schwann  cells  were  loaded  with  luM  Fura-2/AM  for  20  minutes  and 
levels  of  intracellular  calcium  were  measured  using  the  340/360  ratio.  20ng/ml  of  PDGF 
BB  was  added  to  cells  and  a  calcium  ionophore  (luM  ionomycin)  was  added 
subsequently.  This  calcium  ratio  tracing  is  a  representative  experiment  repeated  3  times 
with  similar  results. 
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Figure  24.  Increases  in  intracellular  calcium  levels  are  due  to  the  release  of  calcium 
from  the  ceii  internal  storage.  Schwann  cells  were  loaded  with  luM  of  Fura-2/AM  for 
20  minutes  and  levels  of  intracellular  calcium  were  measured  using  the  340/360  ratio. 
Calcium  responses  with  luM  thapsigargin  and  20ng/ml  PDGF  BB  added  subsequently 
are  depicted  in  (A).  Calcium  responses  with  vehicle  control  and  20ng/ml  PDGF  BB 
added  subsequently  are  illustrated  in  (B).  These  calcium  ratio  tracings  are  a 
representative  experiment  repeated  3  times  with  similar  results. 
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Figure  25.  PDGF  BB  induces  phosphorylation  of  CAM  KII  in  NFl  Schwann  cells. 

The  NFl  derived  Schwann  cells  were  incubated  with  20ng/ml  of  SCF  for  up  to  90 
minutes.  Cells  were  lysed  and  25ug  of  proteins  were  analyzed  with  an  antibody  specific 
for  the  phosphorylated  form  of  CAMKII.  This  immunoblot  is  a  representative 
experiment  repeated  3  times  with  similar  results. 
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Figure  26.  PDGF  BB  induced  NFl  Schwann  cell  proliferation  is  mediated  by  the 
CAMKII.  T265  cells  were  cultured  in  serum  free  medium  the  presence  of  20ng/ml  of 
PDGF  BB  with  increasing  concentrations  of  the  CAMKII  inhibitor,  KN62,  for  72  hours. 
Cell  number  was  evaluated  by  the  colorimetric  MTT  assay  after  72  horns  in  culture. 
Values  are  expressed  as  mean  of  5  replicates  from  a  representative  experiment  repeated  3 
times  with  similar  results.  Error  bars  represent  +/-  standard  deviation.  The  data  were 
determined  to  be  statistically  significant  using  ANOVA  (F(4,20)=46.238).  Post-hoc 
comparisons  were  determined  using  Tukey’s  LSD  (*,  significantly  different  from  control, 
P<0.05). 
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Discussion 
Summary  of  Results 

We  report  that  freshly  isolated  NFl  tiunors  express  PDGF  receptors.  In  addition, 
we  show  that  2  additional  Schwann  cell  lines  derived  from  NFl  tumors  expressed  PDGF 
receptor  (3.  Interestingly,  normal  adult  Schwann  cells  express  PDGF  receptor  and 
neurofibromin,  which  is  absent  in  NFl  Schwann  cells.  The  phosphorylation  of  both 
receptors  results  in  the  activation  of  ERK  and  Akt.  The  proliferation  of  Schwann  cells 
induced  by  PDGF  BB  is  mediated  by  Akt  of  the  PBK  pathway.  Inhibitors  of  signaling 
molecules  of  the  PI3K  pathway,  LY294002  and  wortmannin,  decreased  the  proliferation 
of  NFl  cells.  Interestingly,  activation  of  the  PDGF  receptor  is  associated  with  in  an 
intracellular  increase  in  calcium  levels  and  phosphorylation  of  CAMKII  in  NFl  Schwann 
cells.  Inhibition  of  the  CAMKII  with  KN62  resulted  in  decreased  cell  proliferation. 

NFl  cell  signaling 

Numerous  growth  factor  receptors  are  aberrantly  expressed  on  NFl  Schwann 
cells.  Our  laboratory  reported  that  NFl  cells  aberrantly  express  c-kit  and  overexpress 
PDGF  receptor  (Badache  et  al.,  1998a,b).  However,  we  report  that  NFl  Schwann  cells 
expressed  comparable  levels  of  PDGF  receptor  as  normal  human  adult  Schwann  cells. 
Badache  et  al.  (1998b)  compared  the  expression  of  PDGF  receptor  in  NFl  Schwann  cells 
with  the  receptor  expression  in  a  non-NFl  Schwann  cell  line  (STS26T).  Normal 
Schwann  cells  isolated  from  human  adult  peripheral  nerves  expressed  PDGF  receptors  in 
the  presence  or  in  the  absence  of  forskolin.  The  condition  for  Schwann  cell  isolation  did 
not  increase  PDGF  receptor  expression,  since  Weinmaster  and  co-workers  (1990) 
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reported  that  Schwann  cells  with  chronic  elevations  of  cAMP  results  in  increased  PDGF 
receptor  expression  levels.  Thus  the  increased  proliferation  of  NFl  Schwann  cells  is  due 
to  aberrant  intracellular  signaling  in  NFl  Schwann  cells. 

It  is  interesting  to  note  that  the  expression  of  other  growth  factor  receptors  are 
affected  by  the  loss  of  neurofibromin.  Our  laboratory  reported  that  NFl  Schwann  cells 
aberrantly  express  c-kit  (Badache  et  al.,  1998a).  In  addition,  DeClue  et  al.,  have  reported 
that  NFl  Schwann  cells  aberrantly  express  EGF  receptors.  These  3  growth  factor 
receptors  contribute  to  the  aberrant  proliferation  of  NFl  cells.  Interestingly,  the  Erb-B 
receptors,  which  contribute  to  proliferation  of  normal  Schwann,  cells  are  absent  in  the 
transformed  state  (Badache  et  al.,  1998;  DeClue  et  al.,  2000). 

ERK  and  PI3K  signaling  pathway  in  Schwann  cells 

We  have  shown  that  PDGF  BB  stimulates  the  phosphorylation  of  Akt  an  the  PD 
K  pathway  in  NFl  Schwann  cells  and  in  normal  human  adult  Schwann  cells.  Inhibition 
of  the  PI3K  pathway  with  compounds  such  as  LY294002  decreases  phosphorylation  of 
Akt,  resulting  in  the  decrease  in  the  proliferation  of  NFl  Schwaim  cells.  These  results 
suggest  that  the  loss  of  neurofibromin  in  NFl  Schwann  cells  does  not  affect  the  PI  3K 
pathway.  A  recent  study  reported  that  the  activation  of  Akt  is  important  for  Schwann  cell 
proliferation  and  survival  (Maurel  et  al.,  2000).  Maurel  and  co-workers  reported  that 
neuregulins  promote  Schwann  cell  survival  and  proliferation  through  the  PI  3-kinase. 
Similarly,  IGFI  prevents  Schwann  cell  apoptosis  through  the  PI  3-kinase  (Delaney  et  al., 
1999).  The  Akt  protein  has  been  shown  to  mediate  important  physiological  function  in 
normal  Schwaim  cells  and  the  proliferation  of  NFl  Schwann  cells.  Thus,  the  PI3  kinase 
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signaling  is  not  aberrantly  regulated  in  NFl  Schwann  cells.  The  activation  of  the  PI3K 
pathway  is  equally  critical  for  normal  human  adult  Schwann  cell  proliferation  and  NFl 
Schwann  cell  proliferation  contributing  to  the  development  of  Schwann  cell  tumors  NFl . 

We  investigated  if  the  ERK  pathway  was  aberrantly  regulated  in  NFl  Schwann 
cells.  We  showed  that  PDGF  BB  induces  ERK  phosphorylation  in  NFl  Schwann  cells 
and  in  normal  human  adult  Schwann  cells  as  well.  No  differences  between  the  two  cell 
types  were  observed  in  the  ERK  pathway.  Interestingly,  the  MEK  inhibitor  did  not  have 
any  effect  on  ERK  phosphorylation.  It  may  be  that  the  NFl  Schwann  cells  have  such 
high  basal  activation  levels  of  ERK  that  the  inhibitor  was  not  able  to  significantly 
decrease  ERK  phosphorylation  due  to  the  elevated  levels  of  activated  Ras.  Numerous 
studies  have  demonstrated  that  the  loss  of  neurofibromin  in  NFl  Schwann  cells  results  in 
increased  Ras  activity  (DeClue  et  al.,  1992;  Sherman  et  al.,  2000).  These  results  suggest 
that  PDGF  BB  activates  the  PI3K  and  ERK  pathway  in  a  similar  maimer  in  both  the 
normal  human  adult  Schwann  cells  and  NFl  Schwann  cells  in  response  to  PDGF  BB. 

The  loss  of  neurofibromin  expression  in  Schwann  cells  does  not  affect  the  signaling  of 
these  2  pathways,  and  the  cause  for  the  increased  proliferation  of  NFl  Schwann  cells  in 
response  to  PDGF  BB  may  be  due  to  the  abnormal  signaling  of  other  pathways,  such  as 
the  cAMP  or  the  calcium  pathway. 

Schwann  cells  and  calcium 

The  elevation  in  intracellular  calcium  in  response  to  PDGF  BB  is  the  major 
transduction  signaling  difference  between  normal  and  NFl  Schwann  cells.  The  release  of 
calcium  fi'om  internal  storage  was  observed  in  two  cell  lines  (T265  and  ST88).  Calcium 
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may  mediate  the  proliferation  of  NFl  Schwann  cells  induced  by  PDGF  BB.  In  addition, 
the  downstream  effector  of  calmodulin  CAM  KII  activated  by  the  release  of  calcium  was 
phosphorylated  in  response  to  PDGF  BB.  Taken  together,  these  results  suggest  that 
calcium  plays  a  role  in  NFl  Schwann  cell  proliferation.  Interestingly,  PDGF  BB  did  not 
elevate  calciiun  in  normal  Schwann  cells.  In  fact  only  2  other  compoimds,  ATP  and 
serotonin,  increase  intracellular  calcium  in  Schwann  cells.  ATP  was  the  first  compound 
to  increase  calcium  levels  in  normal  Schwann  cells  (Lyons  et  al.,  1995;  Ansselin  et  al., 
1994).  The  neurotransmitter  serotonin  increases  calcium  levels  through  HT2a  receptors 
(Yoder  et  al.,  1996).  The  physiological  role  of  calcium  elevations  in  response  to  ATP  has 
been  elucidated  in  a  recent  report.  Using  an  in  vitro  model,  Stevens  and  co-workers  used 
the  Schwann  cell  and  DRG  co-culture  model  to  show  that  ATP  is  released  from  neurons 
following  electrical  stimulation  (Stevens  et  al.,  2000).  Upon  binding  to  the  purinergic 
receptor  on  Schwann  cells,  ATP  induces  elevations  of  calcium  levels  resulting  Schwann 
cell  differentiation  (2000).  Interestingly,  calcium  is  involved  in  proliferation  in  NFl 
Schwann  cells,  but  it  is  not  involved  in  normal  Schwaim  cell  differentiation. 

Numerous  studies  have  shown  that  calcimn  has  a  variety  of  physiological  effects 
including  proliferation  and  apoptosis  (for  review  see  Berridge  et  al.,  1998).  For  instance, 
calcium  mediates  the  proliferation  of  T  and  B  cells,  but  also  plays  a  role  in  apoptosis  in 
neurons.  In  addition,  oscillations  of  Ca^^  in  neuronal  cells  may  be  involved  with  long 
term  potentiations.  These  different  physiological  functions  of  calcium  may  be  related  to 
the  different  downstream  effectors  activated  by  calcium  and  the  activation  of  other 
pathways  in  conjunction  with  calcium.  In  NFl  Schwann  cells,  PDGF  BB  increases  the 
levels  of  intracellular  calcium  and  its  downstream  effectors,  such  as  CAMKII.  But 
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PDGF  BB  also  induces  the  signaling  of  other  pathways,  such  as  the  PI3K  and  ERK 
pathways.  The  increases  in  intracellular  calcium  levels  in  conjunction  with  the  activation 
of  the  PI3K  or  the  ERK  signaling  pathway  may  result  in  the  proliferation  of  NFl 
Schwann  cells.  However,  increases  in  intracellular  calcium  levels  result  in  the 
differentiation  of  normal  Schwann  cells.  In  the  case  of  NFl  Schwann  cells,  the  loss  of 
neurofibromin  expression  switches  the  cellular  function  of  calcium  from  differentiation  in 
normal  Schwann  cells  to  proliferation  in  NFl  Schwann  cells.  These  findings  suggest  that 
neurofibromin  regulates  signaling  pathways  and  its  loss  results  in  aberrant  intracellular 
signaling  in  Schwann  cells  leading  to  the  development  of  NFl  tumors. 

Conclusion 

In  this  study,  we  report  that  NFl  Schwann  cells  aberrantly  elevate  intracellular 
calcium  levels  in  response  to  PDGF  BB.  However,  the  Akt  and  ERK  transduction 
pathways  signal  in  NFl  Schwann  cells  similarly  to  normal  human  adult  Schwann  cells  in 
response  to  PDGF  BB  (summarized  in  figure  27).  The  elevation  of  calcium  and  the 
subsequent  phosphorylation  of  CAM  KII  mediates  Schwann  cell  proliferation.  The  loss 
of  neurofibromin  in  NFl  Schwann  cells  induces  changes  in  intracellular  signaling 
pathways  resulting  in  aberrant  cell  proliferation.  The  mechanism  leading  to  the  aberrant 
elevation  of  calcium  due  to  the  loss  of  neurofibromin  is  under  investigation  at  the  present 
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Abstract 

Neurofibromatosis  Type  1  (NFl)  is  a  human  genetic  disorder  affecting  approximately  1 
in  3000  individuals.  Characteristics  of  this  disease  are  benign  neurofibromas  and 
malignant  neurofibrosarcomas  primarily  made  up  of  Schwann  cells.  Although  the  lack 
of  neurofibromin  leads  to  elevated  Ras  activities  contributing  to  Schwann  cell 
hyperplasia,  it  has  recently  been  appreciated  that  Schwann  transformation  requires 
additional  intracellular  abnormalities.  We  now  report  that  NFl  Schwann  cells  have  2 
fold  higher  cAMP  levels  than  normal  human  adult  Schwann  cells.  PCR  analysis  of 
normal  adult  human  Schwann  cells  reveals  adenylyl  cyclase  (AC)  mRNA  for  types  III, 
rv,  and  IX.  Similar  analysis  of  NFl  Schwann  cells  shows  all  the  isoforms  in  normal 
adult  human  Schwann  cells,  but  additionally  the  NFl  Schwann  cells  express  AC  mRNA 
of  types  II,  V,  VII,  and  VIII.  Increased  cAMP  levels  may  be  the  results  of  prostaglandins 
secreted  by  Schwann  cells  themselves.  In  support  of  this  view,  we  find  that  NFl 
Schwann  cells  express  higher  levels  of  CPLA2  and  Cox-2  than  control  cells.  PCR 
analysis  reveals  that  NFl  Schwann  cells  express  mRNA  for  EP2  and  EP4  prostaglandin 
receptors  while  normal  human  Schwann  cells  only  express  the  EP2  receptor. 

Interestingly,  the  addition  of  exogenous  prostaglandins  to  NFl  Schwann  cells  induces 
further  increases  of  cAMP  levels  and  also  induces  the  proliferation  NFl  Schwann  cells. 
The  proliferation  of  NFl  Schwann  cells  in  response  to  PDGF  BB  decreased  by  Cox-2  and 
PKA  inhibitors.  These  results  are  consistent  with  the  view  that  aberrant  cAMP  signaling 
and  elevated  prostaglandin  metabolism  in  NFl  Schwann  cells  contribute  to  tumor 
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formation  in  NFl  patients.  (Supported  by  US  Army  Medical  Research  and  Material 
Command;  Contact  grant  number:  DAMD17-98-8607). 


Introduction 

Neurofibromatosis  type  1  (NFl)  is  an  inherited  disease,  which  is  diagnosed  by 
many  symptoms  including  neurofibromas  and  cafe-au-lait  spots  (Friedman  et  al.,  1999). 

A  prominent  feature  of  NFl  is  the  formation  of  benign  Schwann  cell  tumors  of  peripheral 
nerve  sheath  called  neurofibromas,  hi  some  instances,  NFl  patients  develop  lethal 
malignant  peripheral  nerve  sheath  tumors,  which  are  neurofibrosarcomas.  The  tumors  of 
this  genetic  disease  are  caused  by  defects  of  the  NFl  gene  resulting  in  the  absence  of  its 
protein  product,  neurofibromin.  Although  the  function  of  neurofibromin  is  not  known,  its 
loss  leads  to  the  elevated  levels  of  the  activated  form  of  Ras  (Ras-GTP)  (DeClue  et  al., 
1992).  It  has  been  previously  reported  that  Ras-GTP  levels  are  elevated  in 
neurofibrosarcoma  tumors  from  NFl  patients  and  Schwann  cells  derived  fi'om  mice 
lacking  NFl  (Feldkamp  et  al.,  1998;  Kim  et  al.,  1997).  However,  the  link  between  the 
development  of  Schwann  cells  tumors  and  the  loss  of  neurofibromin  has  not  been  clearly 
established. 

As  is  the  case  with  several  types  of  cancer,  aberrant  expression  of  growth  factor 
receptors  may  play  a  role  in  cellular  transformation.  Schwann  cell  lines  derived  fi'om 
NFl  tumors  express  growth  factor  receptors  that  are  not  present  in  normal  human 
Schwann  cells.  Badache  et  al.  (1998a)  have  previously  reported  that  Schwann  cells 
overexpress  c-kit  receptors.  In  addition,  the  aberrant  expression  of  the  EGF  receptors  has 
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been  documented  on  the  surface  of  NFl  Schwann  cells  (DeClue  et  al.,  2000). 
Interestingly,  NFl  Schwann  cells  lacks  Erb-B2  receptors,  which  are  activated  in  response 
to  neuregulin,  the  most  potent  growth  factor  for  normal  Schwann  cells  (Badache  et  al., 
1999).  Taken  together,  these  results  implicate  aberrant  growth  factor  receptor  expression 
in  the  development  of  Schwann  cell  tumors  in  NFl  patients. 

Since  cAMP  can  regulate  growth  factor  receptor  expression  in  Schwann  cells 
(Weinmeister  et  al,  1990)  and  cAMP  is  also  a  Schwann  cell  mitogen,  intracellular  levels 
of  cAMP  may  play  an  important  role  in  the  proliferation  of  NFl  Schwann  cells. 

Increased  levels  of  intracellular  cAMP  brought  about  by  forskolin  stimulation  of  adenylyl 
cyclase  causes  enhanced  Schwann  cell  proliferation  when  used  in  combination  with 
growth  factors  such  as,  neuregulin  pi  and  PDGF  (Rahmatullah  et  al.,  1998;  Davis  et  al., 
1990).  It  has  been  reported  that  sustained  high  levels  of  cAMP  increase  growth  factor 
receptor  expression  leading  to  aberrant  Schwann  cell  proliferation  (Weinmaster  et  al., 
1990).  In  this  study,  we  report  that  NFl  Schwann  cells  express  additional  adenyly 
cyclase  isoforms  and  have  higher  basal  levels  of  cAMP  than  that  of  normal  Schwann 
cells.  In  addition,  NFl  Schwann  cells  secrete  higher  levels  of  PGE2  and  express  more  EP 
receptors  than  normal  adult  Schwann  cells.  The  addition  of  exogenous  PGE2  results  in 
further  elevation  of  intracellular  cAMP  and  increased  cell  proliferation.  Finally,  we 
present  evidence  that  the  proliferation  of  NFl  Schwann  cells  stimulated  by  PDGF  BB  is 
mediated  by  Cox-2  and  PKA. 
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Materials  and  Methods 
Cell  lines  and  Reagents 

Recombinant  platelet  derived  growth  factor  BB  (PDGF  BB)  was  purchased  from 
R&D  (Minneapolis,  MN).  H89,  NS-398,  and  PGE2  were  purchased  from  Biomol 
(Plymouth  Meeting,  PA),  indomethacin  from  Sigma  (St  Louis,  MO).  Forskolin  was 
purchased  from  Calbiochem  (La  Jolla,  CA). 

The  cell  lines  ST88-14,  T265,  STS  26T  used  in  these  studies  were  previously 
described  (Badache  et  al.,  1998).  The  90-8  and  88-3  cell  lines  were  obtained  from  Dr. 
Jeff  DeClue  have  been  previously  described  (DeClue  et  al.  1992).  Cells  were  cultured  as 
monolayers  in  low  glucose  Dulbecco’s  Modified  Eagle’s  Medium  (DMEM) 
supplemented  with  10%  FBS,  100  units/ml  penicillin  and  lOOug/ml  streptomycin,  and 
maintained  at  37®C  in  a  humid  atmosphere  of  10%  CO2/90%air.  For  proliferation  assay 
and  western  blotting,  cells  were  serum  starved  overnight  and  were  cultured  in  serum  free 
media  with  PDGF  BB  alone  or  in  combination  with  inhibitors. 

Human  Schwann  cells 

Primary  human  Schwann  cell  cultures  were  established  as  described  by  Wood  et  al., 
(2000)  (Miami  Project,  University  of  Miami,  Miami,  Fla).  Fresh  human  peripheral 
nerves  (cauda  equina)  were  obtained  from  Dr.  Wood  from  transplant  patients.  For  ten 
days,  the  nerve  fragments  were  placed  in  DMEM  containing  10%  heat  inactivated  fetal 
bovine  serum  (Hyclone,  Logan,  UT),  2uM  forskolin,  lOnM  NDF  pi  (Amgen  Inc., 
Thousand  Oaks,  CA),  50U/ml  penicillin  and  0.05  mg/ml  streptomycin  (Sigma,  St  Louis, 
MO).  Then  the  fragments  were  dissociated  in  DMEM  containing  10%  heat  inactivated 
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fetal  bovine  serum,  2uM  forskolin,  lOnM  NDF,  50U/ml  penicillin  and  0.05  mg/ml 
streptomycin,  0.05%  collagenase  (Worthington  Biochemicals,  Freehold,  NJ)  and  0.25  % 
dispase  (Boehringer  Mannheim,  Indianapolis,  IN)  in  a  erlenmyer  flask.  The  nerve 
fragments  were  incubated  at  37C  in  a  5%  C02  incubator  in  the  enzyme  solution  for  18h. 
After  centrifugation,  the  cells  were  resuspended  in  fresh  media  and  were  plated  in 
100mm  culture  dishes  in  DMEM  containing  10%  heat  inactivated  fetal  bovine  serum, 
2uM  forskolin,  and  lOnM  NDFpi.  In  Schwann  cells  cultured  without  forskolin,  the 
nerve  fragments  were  incubated  with  DMEM  containing  10%  serum  for  3  days.  Then  the 
nerve  fragments  were  worked  up  as  previously  described  in  media  containing  10%  serum 
with  no  forskolin  or  neuregulin  p  1 .  The  cells  were  harvested  24  hours  after  plating. 

NFl  tumors 

NFl  tumors  were  obtained  from  patients  diagnosed  with  NFl  and  were  removed  by 
Dr.  John  Shea  at  Loyola  University  Medical  Center. 


Schwann  cell  culture 

Primary  Schwann  cell  cultures  were  established  essentially  as  described  by 
Brockes  and  colleagues  (1979).  Sciatic  nerves  were  removed  from  3-day  rat  pups, 
digested  for  2  hours,  in  0.03%  collagenase  (Serva)  at  37*’C,  and  triturated  thoroughly  to 
achieve  dissociation.  Cells  were  cultured  as  monolayers  in  low  glucose  Dulbecco’s 
Modified  Eagle’s  Medium  (DMEM)  supplemented  with  10%  FBS,  100  units/ml 
penicillin  and  lOOug/ml  streptomycin,  and  maintained  at  37®C  in  a  humid  atmosphere  of 
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10%  CO2/90%air.  Contaminating  fibroblasts  were  inhibited  by  72  hours  treatment  with 
lOuM  cytosine  arabinoside. 


MTT  assay 

This  assay  involved  a  spectophotometric  analysis  of  the  degradation  of  the 
bromide  salt  MTT  (3-[4,5-dimethythiazol-2-yl]-2,5  diphenyl  tetrazolium  bromide)  by 
mitochondrial  dehydrogenase  enzymes  yielding  purple  formazan  crystals  as  a  by-product 
of  this  reaction.  After  the  incubation  treatment,  MTT  labeling  reagent  (0.5mg/ml,  Sigma, 
St  Louis,  MO)  were  added  to  Schwann  cell  cultures  for  4  hours  (humidified  atmosphere, 
5%  CO2, 37°C).  Following  overnight  incubation  with  a  solubilization  solution  (10% 

SDS  in  0.0  IM  HCL),  the  amount  of  solubilized  formazan  crystals  were  quantified  at  595 
nm  using  an  automated  microplate  reader  EL31  Isx  (Bio-Tek  Instruments,  Inc.,  Winooski, 
VT).  The  increase  in  absorbance  correlated  with  the  number  of  cells. 


Western  blotting 

Cells  cultured  in  DMEM  supplemented  with  10%  FCS  or  rat  sciatic  nerves  were 
lysed  in  RIPA  buffer  (1%  triton  X-100, 0.5%  sodium  deoxycholate,  0.1%  SDS  in 
phosphate  buffer  saline)  containing  a  cocktail  of  protease  inhibitors.  Tumor  lysates  were 
obtained  by  homogenizing  tumor  samples  in  RIPA.  Protein  lysates  were  separated  by 
electrophoresis  in  a  polyacrylamide  gel  (Invitrogen)  and  transferred  onto  a  PVDF 
membrane  (Dupont,  NEN,  Boston,  MA).  After  blocking  with  a  5%  nonfat  dry  milk 
solution  (5%  milk  in  PBS  containing  1%  Tween,  PBS-T)  for  30  minutes,  the  PVDF 
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membrane  was  incubated  overnight  in  the  presence  of  the  primary  antibody  (anti-cPLA2 
from  Santa  Cruz  Biotechnology  or  anti-Cox-2  from  Transduction  laboratory)  at  4®C. 
After  several  washes  in  PBS-T,  the  membrane  was  incubated  with  a  horseradish 
peroxidase-conjugated  secondary  antibody  (Transduction  Laboratories,  San  Diego,  CA). 
Following  additional  washes  with  PBS-T,  the  immunoreactivity  was  detected  by 
enhanced  chemiluminescence  (Dupont-NEN,  Boston,  MA). 

REVERSE  TRANSCRIPTION  PCR 

Total  cellular  RNA  isolation  and  quantitation 

Total  RNA  was  isolated  from  cultured  Schwann  cells  by  a  modification  of  the 
acid-method  of  Chomczynski  and  Sacchi  (1987).  Briefly,  cells  were  washed  with  PBS 
and  solubilized  using  Tiizol  reagent  (Gibco-BRL).  For  each  sample,  0.2  ml  of 
chloroform  were  added  per  1  ml  of  Trizol.  After  the  samples  were  subjected  to 
centrifugation  at  12,000  x  g  for  15  min.  at  4®C,  the  aqueous  phase  of  each  sample  were 
transferred  to  a  fresh  tube.  The  RNA  in  the  aqueous  phase  was  precipitated  by  mixing 
0.5  ml  of  isopropyl  alcohol  per  1  ml  of  Trizol  reagent  (used  for  the  initial  solubilization 
of  cells).  To  enhance  recovery  of  small  amounts  of  RNA,  20  pg  of  glycogen  were  added 
as  a  carrier  prior  to  isopropanol  precipitation.  Samples  were  subjected  to  centrifugation 
at  12,000  X  g  for  10  min.  at  4‘’C  and  the  RNA  pellet  obtained  were  redissolved  in  sterile 


water. 
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First  strand  cDNA  synthesis  by  reverse  transcriptase 

Total  cellular  RNA  were  converted  to  cDNA  in  20  pi  reactions  consisting  of  1  pg 
RNA,  IxPCR  buffer  (Gibco  BRL),  2.5  mM  MgCh,  500mM  dNTPs  (Pharmacia),  10  mM 
DTT,  20  U  RNAsin  (Promega),  200  U  Superscript  n  Rnase  H'  reverse  transcriptase  (RT), 
and  2  pg  random  hexamer  primers  (Perkin-Elmer).  Reactions  were  incubated  at  room 
temperature  for  5  min.  for  primer  annealing,  then  at  42‘’C  for  60  minutes  for  reverse 
transcription.  Reactions  were  terminated  by  a  5  min.  incubation  at  95  °C,  and  RT 
products  were  used  immediately. 

Primer  design  for  polymerase  chain  reaction  (PCR) 

Oligonucleotides  of  21  base  pairs  were  designed  with  the  Oligo  IV  software  using 
the  gene  sequence  for  each  AC  obtained  from  GenBank.  The  sofware  was  utilized  for  the 
analysis  and  design  of  the  best  upstream  and  downstream  primers  according  to  specific 
conditions,  such  as  annealing  temperatures,  secondary  structures,  and  several  other 
factors.  Oligonucleotides  were  synthesized  for  our  laboratory  by  Gibco  BRL. 

Sizes  and  sequences  for  the  upstream  (UP)  and  downstream  (DWN)  each  AC  primers  are 
as  following: 

ACI  (1044bp):UP  5’-GGG  GCT  GCG TTT  CTC  TTG  CTG-3’;  DWN  5’-CAG  GGC 
AAA  AGC  AAA  CTC  CAC-3’;  ACII  (581bp):UP  5’-GAG  TTT  GCT  TTT  GCC  CTG 
GTA-3’;  DWN  5’-GCG  CTC  CTT  TTC  CCT  TTT  GCT-3’;  ACIII  (774bp):  UP  5’-CCT 
GGC  GTC  CCG  TCT  TTG  ATG-3’;  DWN  5’-CAG  CCA  GAA  CCC  CGC  CTT  TGT-3’; 
ACrV  (559bp):  UP  5’-TCG  GGG  ACT  GTG  AGA  ACC  TCT-3’;  DWN  5’-TCA  GCG 


115 


TCC  TCA  TCA  CCT  ATG-3’;  ACV  (301bp):UP  5’-TGG  GGC  AAA  ACT  GTG  AAC 
CTG-3’;  DWN  5’-GCT  GCT  TCT  GCC  TTT  GCC  TAT-3’;  ACVI  (774bp):  UP  5 ’-GCA 
CGG  CTG  TTG  GAG  TCT  TCT-3’;  DWN  5’-CAT  TGT  TGC  CCT  CCA  GTT  CCA-3’; 
ACVII  (772bp):UP  5’-TCG  CCT  GCT  CGG  TCT  TCC  TGA-3’;  DWN  5’-AGG  CGG 
AAG  GAG  TTG  AAG  GAG-3’;ACVIII  (781):UP  5’-GCG  GCT  CGT  GCT  TTC  TGT 
GCT-3’;  DWN  5’-ATT  ATC  AAA  GGG  CAG  TTC  AGG-3’;  ACIX(469):  UP  5’-GGA 
GAA  AAC  GGA  CGC  CCA  CTT-3’;  DWN  5’-TGC  GGG  AAG  CGA  CAC  CAG  GAT- 
3’. 

PCR  conditions 

After  reverse  transcription,  PCR  reactions  were  carried  out  in  volumes  of  50  pi, 
using  bulk  mixes  for  multiple  samples.  PCR  master  mix  consisted  of  IxPCR  buffer 
(Gibco  BRL),  2.5  mM  MgCla,  0.4  mM  dNTPs,  3  U  per  final  reaction  Taq  polymerase 
(Gibco  BRL),  and  0.3  pM  of  each  primer.  Each  sample  consisted  of  48  pi  of  master  mix 
and  2pl  (50ng)  of  each  completed  RT  reaction  added  to  0.7  ml  microcentrifiige  tubes. 
PCR  reactions  took  place  in  a  Hybaid  thermocycler.  The  PCR  profile  was  one  cycle  of 
95°C  for  5  min.  for  initial  denaturation  of  cDNA/RNA  hybrids,  and  one  cycle  of  80°C  for 
3  min.  for  the  addition  of  Taq  Polymerase;  32  cycles  of  95°C  for  45  sec.,  62®C  for  45  sec. 
and  72®C  for  60  sec.;  then  a  final  extension  cycle  at  72®C  for  5  min.  to  ensure  complete 
synthesis  of  amplimers. 
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PCR  product  detection 

Following  PCR  amplification,  equivalent  amount  (10  pi)  of  reaction  products 
were  separated  by  gel  electrophoresis  using  2%  agarose  gels  in  TAE  buffer  for  30 
minutes.  Amplimers  were  visualized  follov^dng  exposure  of  the  gel  to  2%  ethidium 
bromide  solution  and  were  photographed  under  trans-illumination  with  a  Polaroid  MP4+ 
Camera  system. 

Cyclic  AMP  ELISA 

Schwann  cells  were  seeded  onto  6  well  culture  plates  at  a  density  of  300,000 
cells/well  in  DMEM  with  10%  FCS.  Cells  were  serum  deprived  for  24  hours.  Before 
treatment,  Schwann  cells  were  incubated  with  serum  free  media  containing  250uM 
isobutyl  methyl  xanthine  (IBMX)  for  20  to  30  min  to  inhibit  phosphodiesterase  activity. 
After  the  media  was  aspirated,  the  cells  were  lysed  with  O.IM  HCl  for  1  hoiu*  at  room 
temperature  on  a  rotary  shaker.  The  lysate  was  collected  in  1 .5  ml  centrifuge  tubes  and 
used  immediately.  Concentrations  of  cAMP  were  determined  using  the  acetylated 
version  of  direct  enzyme  immunoassay  kit  (Assay  Designs,  Inc)  according  to  the 
manufacturers  instructions.  The  data  are  expressed  as  picomoles  of  cAMP  per  mg  of 
protein.  The  concentrations  of  cAMP  were  determined  in  triplicate. 

PGEi  ELISA 

Schwann  cells  were  seeded  onto  6  well  culture  plates  at  a  density  of  300,000 
cells/well  in  DMEM  with  10%  FCS.  Cells  were  serum  deprived  for  24  hours.  After 
incubating  the  cells  for  1  hour  in  fresh  DMEM,  the  cells  were  lysed  to  determine  protein 
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concentrations  for  each  condition  and  supernatants  were  collected  into  a  96  well-plate. 
Levels  of  PGEa  were  determined  using  the  direct  enzyme  immunoassay  kit  (Assay 
Designs,  Inc)  according  to  the  manufacturers  instructions.  Concentrations  of  PGE2  were 
determined  in  triplicate  wells  and  were  normalized  to  protein  levels.  The  levels  of  PGE2 
are  expressed  in  pmole/ml/mg. 


STATISTICS 

Statistics  were  determined  using  the  Sigma  Plot  2.0  software. 


Results 

Intracellular  cAMP  levels  in  NFl  and  non-NFl  Schwann  cell  lines 

Previous  reports  have  shown  that  elevation  of  cAMP  levels  in  normal  Schwann 
cells  lead  to  increase  growth  factor  receptor  expression,  such  as  PDGF  receptor 
(Weinmaster  et  al.,  1990).  Based  on  this  observation,  we  wanted  to  investigate  the  basal 
levels  of  intracellular  cAMP  in  NFl  derived  Schwann  cells,  since  elevated  intracellular 
cAMP  may  lead  to  high  PDGF  receptor  expression  in  NFl  cells.  To  determine  basal 
levels  of  cAMP  in  Schwann  cells,  cells  were  incubated  in  serum  free  medium  with  a 
phosphodiesterase  inhibitor  (200uM  IBMX).  After  a  20-minute  incubation,  cAMP 
concentrations  measured  by  ELISA.  The  results  show  that  three  of  the  foiu*  NFl  cell  lines 
expressed  about  lOpmoles  of  cAMP  per  mg  of  protein  (figure  28).  The  normal  rat 
Schwann  cells  expressed  2pmoles  cAMP/mg  and  the  adult  human  Schwann  cells 
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expressed  5  pmoles/mg.  These  results  demonstrate  that  NFl  cells  have  higher  basal 
cAMP  levels  than  control  cells. 

Determination  of  adenylyl  cyclases  in  Schwann  cells 

The  higher  cAMP  levels  of  NFl  cells  compared  to  the  levels  of  normal  Schwann 
cells  may  be  related  to  the  different  subtypes  of  adenylyl  cyclases  each  cell  type 
expresses.  We  set  out  to  determine  the  subtypes  of  adenylyl  cyclases  expressed  by  both 
NFl,  non-NFl,  and  normal  human  adult  Schwann  cells.  We  performed  RT/PCR  using 
specific  primers  for  each  9  different  subtypes  of  adenylyl  cyclases.  Normal  human  adult 
Schwann  cells  express  mRNA  for  AC  types  III,  IV,  VII  (weakly),  and  IX  (figure  29 A). 

A  similar  analysis  conducted  with  NFl  Schwann  cells  revealed  that  they  express  the 
same  AC  isoforms  as  normal  Schwann  cells  plus  3  additional  AC  subtypes:  II,  V,  and 
VIII  (figure  29B).  Interestingly,  the  non-NFl  Schwann  cells  (STS26T)  express  similar 
AC  subtypes  as  NFl  Schwann  cells  plus  one  additional  AC  subtype  VI  (data  not  shown). 
The  AC  mRNA  expressed  by  Schwann  cells  are  summarized  in  Table  1.  The  increased 
AC  isoforms  expressed  by  NFl  Schwann  cells  may  result  in  higher  basal  levels  of  cAMP 
than  in  normal  human  adult  Schwaim  cells. 

Table  1.  Adenylyl  cyclase  isoform  expression  in  NF  Schwann  cells,  non-NF  Schwann 
cells,  and  normal  human  Schwann  cells. 


AC  Isoforms 

Normal  Human 

NFl  cells 

Non-NFl 

ACI 

- 

- 

- 

ACII 

- 

+ 

- 

ACIII 

+ 

+ 

+ 

ACIV 

-h 

+ 

+ 

ACV 

+ 

- 

ACVI 

- 

- 

+ 

ACVII 

+/- 

- 
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Acvni  -  + 

ACIX  +  +  - 

Prostaglandin  E2  secretion  in  NFl  and  non-NFl  Schwann  cell  lines 

We  postulated  that  the  high  levels  of  cAMP  in  Schwann  cells  could  be  sustained 
by  PGE2  secretion  by  the  Schwann  cells  themselves.  In  many  cell  types,  PGE2  stimulates 
a  specific  adenylyl  cyclase  linked  recetpor  leading  to  increased  intracellular  cAMP .  To 
determine  the  levels  of  PGE2  secreted  from  NFl  cells,  serum  firee  media  from  300,000 
cells  was  conditioned  for  3  hours  and  were  analyzed  by  ELISA.  The  results  show  that 
the  2  NFl  cell  lines,  T265  and  ST88,  secreted  the  most  PGE2  with  250pg/ml/mg  (figure 
30).  Neonatal  rat  Schwann  cells  and  normal  human  adult  Schwann  cells  produced  the 
least  amount  of  PGE2  with  90pg/ml/mg.  The  non-NFl  cell  line  secreted  less  PGE2  than 
the  2  NFl  cell  lines.  Interestingly,  the  90-8  and  88-3  cell  lines  secreted  at  least  5fold 
more  PGE2  than  that  of  the  ST88  and  T265  levels  (data  not  shown).  Overall  these  results 
show  that  NFl  cells  secrete  the  highest  levels  of  PGE2.  The  levels  of  PGE2  secretion  do 
not  correlate  with  the  levels  of  intracellular  cAMP. 

Expression  of  CPLA2  and  Cox-2  in  Schwann  cells 

We  wanted  to  determine  if  Schwann  cells  express  enzymes  relating  to  the 
secretion  of  PGE2,  such  as  cPLA2  and  Cox-2.  To  investigate  expressions  of  cPLA2  and 
Cox-2  receptor  in  Schwann  cells,  25ug  of  cell  lysates  were  analyzed  by  immunoblotting 
using  CPLA2  and  Cox-2  antibodies.  The  immunoblotting  analysis  revealed  that  NFl 
Schwann  cells  expressed  elevated  levels  of  CPLA2  compared  to  normal  human  adult 
Schwann  cells  (figure  31  A).  Similarly,  levels  of  Cox-2  expression  were  much  higher  in 
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NFl  cells  than  in  normal  Schwaim  cells  as  illustrated  in  flgure  31B.  Overall,  the 
increased  expression  of  cPLA2  and  Cox-2  in  NFl  Schwann  cells  correlate  with  high 
levels  of  prostaglandin  secretion. 

Prostaglandin  secretion  by  NFl  tumors 

We  established  the  secretion  of  PGE2  by  NFl  Schwann  cells  in  vitro,  and  we 
wanted  to  extend  our  findings  in  vivo  by  analyzing  levels  of  PGE2  in  fresh  NFl  tumors. 
To  determine  the  levels  of  PGE2  in  fresh  NFl  tumors,  serum  free  media  was  conditioned 
with  tissue  samples  for  12  hours  and  levels  of  PGE2  were  normalized  to  the  volume  and 
weight  of  each  sample.  The  analysis  of  the  conditioned  media  revealed  that  2  tumors 
expressed  6  and  5  pg/ml/mg  of  PGE2  respectively,  while  2  other  tumors  secreted  only  1 
and  1.5  pg/ml/mg  respectively  (figure  32).  Controls  obtained  from  conditioned  media  of 
human  peripheral  nerve  had  1  pg/ml/mg.  Levels  of  PGE2  in  NFl  tumors  are  somewhat 
variable;  2  tumors  have  higher  PGE2  levels  than  control  while  2  NFl  tumors  have  similar 
levels  as  control.  Overall,  the  results  suggest  that  cells  present  in  NFl  tumors  secrete 
PGE2. 


Determination  of  prostaglandin  receptor  subtypes  in  Schwann  ceils 

PGE2  affects  cells  through  a  receptor  mediated  mechanism.  PGE2  binds 
preferably  to  the  E  class  prostanoid  (EP)  receptor  family,  which  has  4  isoforms:  EPl, 
EP2,  EPS,  and  EP4.  (Coleman  et  al,  1994).  To  determine  the  EP  receptors  expressed  by 
NFl,  non-NFl,  and  normal  human  adult  Schwann  cells,  RT/PCR  reactions  were 
performed  using  specific  primers  for  each  of  the  4  receptors.  PCR  analysis  revealed  that 
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all  NFl  cells  expressed  both  EP2  (602bp)  and  EP4  (553bp)  receptor  mRNA  (figure 
33A).  However,  non-NFl  Schwann  cells  expressed  only  EP2  receptor  mRNA  (figure 
33B)  and  normal  human  adult  Schwann  cells  have  only  the  EP4  receptor  mRNA  (figure 
33C).  Overall,  NFl  Schwann  cells  express  a  different  prostaglandin  receptor  profile 
fi-om  normal  and  non-NFl  Schwann  cells.  Interestingly,  EP2  and  EP4  receptors  are  both 
AC  coupled  so  that  their  activation  can  lead  to  increases  in  cAMP  metabolism  (Coleman 
et  al,  1994). 

Effects  of  PGE2  on  intracellular  cAMP  levels  in  Schwann  cells 

To  determine  the  increase  of  cAMP  levels  in  NFl  cells  as  a  fimction  of  PGE2 
concentration,  cells  were  cultured  in  serum  firee  medium  with  increasing  concentrations 
of  PGE2  (0.01  to  lOuM)  in  the  presence  of  phosphodiesterase  inhibitor  (200uM  IBMX). 
After  20  minutes,  cell  lysates  were  analyzed  by  ELISA  to  determine  cAMP  levels. 

Levels  of  cAMP  were  normalized  with  control  levels  and  are  reported  as  fold  increase 
over  controls.  Within  20  minutes,  cells  cultured  with  0.01  uM  of  PGE2  increased  their 
cAMP  synthesis  100-fold  relative  to  basal  levels  within  20  minutes  (figure  34 A).  At 
concentrations  of  luM  or  greater,  the  increase  in  cAMP  levels  reached  a  maximum  of 
180  fold.  These  results  show  that  the  NFl  cells  respond  to  PGE2  by  increasing 
intracellular  cAMP. 

Next,  using  a  fixed  concentration  of  PGE2  (luM),  we  compared  the  increase  of 
cAMP  levels  in  NFl  Schwann  cells  to  that  of  normal  human  adult  Schwann  cells  and 
non-NFl  Schwann  cells  (figure  34B).  Cells  were  cultured  in  serum  free  medium  with 
luM  PGE2  and  200uM  IBMX.  After  20  minutes,  cell  lysates  were  analyzed  by  ELISA  to 
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determine  cAMP  levels.  Levels  of  cAMP  were  normalized  with  control  levels  and  are 
reported  as  fold  increase  over  controls.  The  results  showed  that  luM  of  PGE2  induces 
cAMP  a  40  fold  increase  in  normal  human  adult  Schwann  cells  and  a  60  fold  increase  in 
non-NFl  Schwann  cells  (figure  34B).  These  increases  are  much  smaller  than  the  200 
fold  increase  observed  with  the  NFl  Schwann  cells.  These  results  show  that  PGE2 
induce  a  larger  increase  in  cAMP  response  in  NFl  Schwann  cells  than  in  normal  human 
adult  Schwann  cells  and  non-NFl  Schwann  cells. 

Effects  of  PGE2  on  NFl  cell  proliferation 

Previous  studies  have  shown  that  increased  levels  of  cAMP  induce  Schwann  cell 
proliferation.  We  wanted  to  determine  if  increased  cAMP  levels  stimulated  by  PGE2 
would  increase  NFl  Schwann  cell  proliferation.  Previously,  we  had  already  determined 
to  which  extent  PGE2  increases  cAMP  in  Schwaim  cells.  To  investigate  the  effects  of 
PGE2  on  the  proliferation  of  Schwann  cells,  cells  were  cultured  in  serum  free  medium 
with  increasing  concentrations  PGE2  (0.01  to  lOuM)  for  72  hours.  The  proliferation 
assay  showed  that  PGE2  increases  in  cell  proliferation  of  NFl  Schwann  cells  (figure  35). 
Overall,  increased  cAMP  levels  with  PGE2  induced  the  proliferation  of  NFl  Schwaim 
cells.  Interestingly,  the  PGE2  did  not  potentiate  the  proliferation  of  NFl  Schwann  cells 
cultured  with  PDGF  BB. 


PDGF  BB  induced  cell  proliferation  and  cox  inhibitors 

We  have  shown  that  the  T265  NFl  cell  line  secretes  high  levels  of  PGE2  and 
decided  to  determine  if  the  secreted  PGE2  mediates  NFl  cell  proliferation.  It  is  possible 
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that  the  use  of  cyclooxygenase  inhibitors  (indomethacin  and  NS398)  would  decrease  the 
production  of  PGE2  and  decrease  NFl  Schwann  cell  proliferation  induced  by  PDGF  BB. 
For  the  analysis  of  the  production  of  PGE2,  serum  free  media  from  300,000  cells  was 
conditioned  for  3  days  with  or  without  indomethacin  (50uM).  After  72  hours  the  media 
were  analyzed  by  ELISA  for  the  presence  of  PGE2,  and  the  values  were  normalized  to 
protein  levels.  The  results  show  that  50  uM  of  indomethacin  reduces  prostaglandin 
secretion  of  approximately  40%  compared  to  control  (figure  36Ai.  Similar  to 
indomethacin,  we  also  foimd  that  50uM  of  NS-398  decreases  prostaglandin  secretion  by 
40%  as  shown  in  figure  36B.  Thus  both  inhibitors  have  similar  effects. 

For  the  proliferation  assay,  NFl  cells  preincubated  with  NS-398  or  indomethacin 
for  12  hours,  then  were  cultured  in  serum  free  medium  with  20ng/ml  of  PDGF  BB  alone 
or  in  combination  with  increasing  concentrations  of  inhibitors  for  72  hours.  As  shown  in 
figure  37 A,  these  results  showed  that  indomethacin  significantly  decreased  NFl  cell 
proliferation,  but  the  inhibitor  itself  was  not  toxic  to  the  cells.  The  decrease  in  cell 
number  was  dose  dependent,  with  significant  inhibition  with  50uM  and  lOOuM  of 
indomethacin  compared  to  control  (figure  37A).  Indomethacin  does  not  discriminate 
between  Cox-1  and  Cox-2.  To  determine  the  specific  cyclooxygenase  enzyme 
contributing  to  the  NFl  cell  proliferation,  NS-398,  a  specific  inhibitor  of  Cox-2,  was  used 
in  the  proliferation  of  NFl  cells  induced  by  PDGF  BB  (figure  37B).  Similarly  to 
indomethacin,  NS-398  decreased  the  proliferation  of  NFl  cells  in  a  dose  dependent 
maimer  (figure  37A).  We  concluded  that  NFl  cell  proliferation  is  mediated  by  Cox-2. 
However,  the  inhibition  is  not  complete,  since  other  signaling  pathways  are  involved  in 
the  proliferation  of  NFl  cells. 
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PDGF  BB  induced  cell  proliferation  and  PKA  inhibitor 

Previously,  we  have  shown  that  NFl  cells  have  elevated  cAMP  levels,  which  may 
contribute  to  the  aberrant  proliferation  of  NFl  cells.  Since  the  downstream  effector  of 
cAMP  is  PKA,  we  evaluated  the  extent  to  which  cAMP  mediates  NFl  cell  proliferation 
induced  by  PDGF  BB  by  using  the  PKA  inhibitor  H89.  To  investigate  the  effect  of  H89 
on  NF  cell  proliferation,  NFl  cells  were  cultured  in  serum  free  medium  with  20ng/ml  of 
PDGF  BB  in  combination  with  increasing  concentration  of  the  H89  inhibitor  for  72 
hours.  As  shown  in  figure  38,  the  PKA  inhibitor  H89  decreased  NFl  cell  proliferation  in 
a  dose  dependent  manner.  This  data  is  consistent  with  the  viewpoint  that  NFl  cell 
proliferation  induced  by  growth  factor,  such  as  PDGF  BB,  is  mediated  by  PKA. 
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Figure  28.  NFl  Schwann  cells  have  higher  basal  cAMP  levels  than  normal  Schwann 
cells.  Schwann  cells  were  incubated  in  serum  free  medium  with  the  phosphodiesterase 
inhibitor,  IBMX  (200uM),  for  30  minutes.  Cells  were  lysed  and  concentrations  of  cAMP 
were  determined  by  ELISA  in  duplicate.  Values  are  mean  of  3  different  experiments. 
Error  bars  represent  +/-  standard  error  deviation. 
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Figure  29.  Types  of  adenylyl  cyclases  mRNA  expression  in  Schwann  cells.  RT/PCR 
amplification  products  for  AC  I  (1044  bp),  ACII  (581  bp),  ACIII  (772bp),  AC  IV(559bp) 
AC  V(300bp),  AC  VI  (774),  AC  VII  (772  bp),  AC  VIII  (695bp),  and  AC  IX  (469bp)  in 
the  T265  Schwann  cell  line  (A)  and  in  normal  human  adult  Schwann  cells  (B).  PCR 
products  were  separated  on  a  2%  agarose  gel  stained  with  ethidium  bromide.  Molecular 
weight  markers  (MW)  are  derived  fi'om  100  base  pairs  ladder.  These  photographs  are  a 
representative  experiment  repeated  twice. 
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Figure  30.  NFl  Schwann  cells  secrete  higher  levels  of  PGE2  than  normal  and  non- 
NFl  Schwann  cells.  Cells  were  incubated  for  3  hours  in  serum  free  medium. 
Conditioned  media  were  collected  and  concentrations  of  PGE2  were  measured  by  ELISA 
in  triplicate.  Values  are  expressed  as  mean  3  different  experiments.  Error  bars  represent 
+/-standard  error  of  the  mean. 
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Figure  31.  Expression  of  CPLA2  and  Cox-2  in  Schwann  cells.  Schwann  cells  were 
lysed  and  25ug  of  proteins  were  analyzed  by  immunoblotting  with  an  antibody  specific 
for  CPLA2  (A)  or  Cox-2  (B).  These  immunoblots  are  a  representative  experiment 
repeated  3  times  with  similar  results. 
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Figure  32.  PGE2  secretion  by  NFl  tumors.  Tissue  samples  were  incubated  in  serum 
free  media  overnight.  Conditioned  media  were  analyzed  by  ELISA  in  triplicate.  Values 
are  expressed  as  PGE2  secretion  levels  that  were  normalized  to  protein  levels.  Error  bars 
represent  +/-  standard  deviation. 
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Figure  33.  EP  receptor  mRNA  in  Schwan  cells.  RT/PCR  amplification  products  for 
EPl,  EP2,  EPS,  and  EP4  receptors  in  NFl  Schwann  cells  (A),  normal  human  adult 
Schwann  cells  (B),  and  non-NFl  Schwann  cells  (C).  The  PCR  products  were  separated 
on  a  2%  agarose  gel  stained  with  ethidium  bromide.  Molecular  weight  markers  are 
derived  from  a  lOObp  ladder.  These  PCR  products  are  a  representative  experiment 
repeated  3  times  with  similar  results. 
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Figure  34.  Effects  of  PGE2  on  cAMP  in  Schwann  cells.  The  NFl  Schwann  cell  line, 
T265,  was  incubated  with  increasing  concentrations  of  PGE2  (0.001  to  lOuM)  in  the 
presence  of  200uM  of  the  phosphodiesterase  inhibitor,  IBMX,  for  20  minutes.  Cells  were 
lysed  and  concentrations  of  cAMP  were  measured  in  triplicate  by  ELISA.  Values  are 
mean  fold  increases  of  cAMP  in  cells  normalized  to  levels  of  unstimulated  control  cells 
of  3  replicates  from  3  different  experiments.  Error  bars  represent  +/-  standard  deviation 
of  the  mean  (A).  Normal  human  adult  Schwann  cells,  non-NFl  Schwann  cells,  and  NFl 
Schwann  cells  were  incubated  with  luM  of  PGE2  and  200uM  EBMX  for  20  minutes. 

Cells  were  lysed  and  concentrations  of  cAMP  from  cell  lysates  were  measured  in 
triplicate  by  ELISA.  Values  are  mean  fold  increases  of  cAMP  in  cells  normalized  to 
levels  of  unstimulated  control  cells  of  3  replicates  from  3  different  experiments.  Error 
bars  represent  +/-  standard  deviation  of  the  mean  (B). 
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Figure  35.  PGEa  induces  proliferation  of  NFl  cells.  The  T265  cells  were  cultured  in 
serum  free  medium  in  the  presence  of  increasing  concentrations  of  PGE2  alone  for  72 
hours.  Cell  number  was  evaluated  by  the  colorimetric  MTT  assay  after  72  hours  in 
culture.  Values  are  expressed  as  mean  fold  increase  over  controsl  of  4  different 
experiments.  Error  bars  represent  +/-  standard  error  deviation.  The  data  were 
statistically  significant  using  ANOVA  (F(4,15)=6.156).  Post-hoc  comparisons  were 
determined  using  Tukey’s  LSD  (*,  significantly  different  from  control,  P<0.05). 
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Figure  36.  Cyclooxygenase  1  and  2  decrease  the  secretion  of  prostaglandin.  Basal 
levels  of  PGE2  secretion  was  inhibited  by  50  uM  of  indomethacin  (A).  Basal  levels  of 
PGE2  secretion  was  inhibited  by  50  uM  of  NS-398  (B).  Ratios  are  expressed  as 
normalized  levels  of  PGE2  to  protein  levels  over  control  levels.  Values  are  expressed  as 
mean  of  3  different  experiments.  Error  bars  represent  +/-  standard  deviation  of  the  mean. 
The  data  were  statistically  significant  using  the  t-test.  *,  significantly  different  fi'om 
control,  P<0.001. 
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Figure  37.  PDGF  BB  induced  proliferation  of  NFl  cells  is  mediated  by 
cyclooxygenase-1/2.  The  T265  Schwann  cells  were  cultured  in  serum  free  medium  in 
the  presence  of  increasing  concentrations  of  the  Cox-1  and  Cox-2  inhibitors, 
indomethacin,  alone  or  in  combination  with  20ng/ml  of  PDGF  BB  for  72  hours  (A). 
Schwann  cells  were  cultured  in  serum  free  medium  in  the  presence  of  increasing 
concentrations  of  the  Cox-2  inhibitor,  NS-398,  alone  or  in  combination  with  20ng/ml  of 
PDGF  BB  for  72  hours  (B).  Cell  number  was  evaluated  by  the  colorimetric  MTT  assay 
after  72  hours  in  culture.  Values  are  expressed  as  mean  of  4  replicates  of  an  experiment 
repeated  3  times.  Error  bars  represent  +/-  standard  deviation  of  the  mean.  The  data  were 
statistically  significant  using  ANOVA;  for  indomethacin  F(4,10)=12.416  and  for  NS-398 
F(4,10)=  19.52.  The  post-hoc  comparisons  were  determined  using  the  Newman-Keuls 
test  in  (A)  (*,  significantly  different  from  control,  P<0.05)  and  Tukey’s  LSD  in  (B)(*, 
significantly  different  from  control,  P<0.05). 
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Figure  38.  PDGF  BB  induced  proliferation  of  NFl  cells  is  mediated  by  PKA.  T265 
Schwann  cells  were  cultured  in  serum  free  medium  in  the  presence  of  increasing 
concentrations  of  the  PKA  inhibitor,  H89,  alone  or  in  combination  with  20ng/ml  of 
PDGF  BB  for  72  hours.  Cell  number  was  evaluated  by  the  colorimetric  MTT  assay  after 
72  hours  in  culture.  Values  are  expressed  as  mean  of  at  least  3  replicates  representative 
of  an  experiment  repeated  3  times.  Error  bars  represent  +/-  standard  deviation  of  the 
mean.  The  data  were  statistically  significant  using  ANOVA  (F(3,8)=17.19).  The  pot-hoc 
comparisons  were  analyzed  using  Tukey  LSD  (*,  significantly  different  from  control, 
P<0.05). 
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Discussion 

The  second  messenger  cAMP  regulates  Schwann  cell  function.  The  proliferation 
of  normal  Schwann  cells  requires  elevations  of  cAMP  levels  (Sobue  et  al.,  1986).  We 
report  that  Schwann  cells  derived  from  NFl  tumors  have  elevated  levels  of  cAMP 
relative  to  levels  of  normal  adult  Schwann  cells.  Similar  to  our  findings,  a  previous  study 
reported  that  Schwann  cells  derived  from  Nfl  mutant  mice  also  have  increased  basal 
cAMP  levels  compared  to  wild  type  (Kim  et  al.,  2001).  In  both  cases,  the  increased 
cAMP  levels  were  in  the  same  order  of  magnitude,  a  two  to  three  fold  increase  compared 
with  controls.  These  observations  suggest  that  elevated  cAMP  levels  may  contribute  to 
the  aberrant  proliferation  of  Schwann  cells  derived  from  NFl  tumors. 

There  are  several  factors  that  may  contribute  to  the  increased  levels  of  cAMP  in 
NFl  Schwann  cells.  First,  the  expression  of  several  additional  AC  isoforms  in  NFl 
Schwann  cells  may  contribute  to  higher  basal  levels  of  cAMP  (figure  29).  However,  we 
only  investigated  the  mRNA,  so  that  the  protein  expression  and  enzymatic  activity  of 
each  AC  isoform  still  need  to  be  investigated  to  confirm  the  direct  link  between  AC 
expression  and  cAMP  levels  in  Schwann  cells.  This  is  the  first  study  identifying  the 
expression  of  the  isoforms  of  AC  mRNA  in  Schwann  cells. 

Another  possibility  for  the  increased  cAMP  levels  in  NFl  Schwann  cells  may  be 
due  decreased  activities  of  phosphodiesterases  (PDE)  in  degrading  cAMP.  Walikonis  et 
al.,  (1998)  reported  that  inhibition  of  phosphodiesterases  resulted  in  increased  cAMP 
levels  in  Schwann  cells.  However,  we  have  not  investigated  for  mRNA  for  PDE  in  this 
study.  Our  results  suggest  that  conditions  favoring  cAMP  synthesis  over  cAMP 
degradation  may  be  responsible  for  the  increased  levels  of  cAMP  in  NFl  Schwann  cells. 
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Elevated  intracellular  cAMP  induce  higher  PKA  activities  leading  to  Schwann 
cell  proliferation.  PKA  is  directly  activated  by  cAMP,  and  upon  activation,  the  catalytic 
subunit  of  PKA  enters  the  nucleus  and  phosphorylates  numerous  transcription  factors, 
including  cyclic  response  element  binding  protein  (CREB).  We  report  that  H89,  the 
inhibitor  of  PKLA,  decreased  the  proliferation  of  NFl  Schwann  cells  stimulated  by  PDGF 
BB  (figure  36).  These  results  suggest  that  the  proliferation  of  NFl  Schwann  cells  in 
response  to  PDGF  BB  is  mediated  by  PKA.  PDGF  BB  is  able  to  activate  PKA  by 
increasing  cAMP  levels  through  stimulating  the  secretion  of  PGE2  in  NFl  Schwann  cells 
(Dang  et  al.,  unpublished  observations).  Similar  to  our  studies,  the  elevation  of  cAMP  by 
prostaglandins  has  been  shown  to  contribute  to  the  proliferation  of  smooth  muscle  cells 
(Graves  et  al.,  1996)  and  colorectal  cancer  cells  (Vadlamudi  et  al.,  1999)  in  response  to 
growth  factors.  Our  findings  in  conjunction  with  other  studies  suggest  that  elevation  of 
intracellular  cAMP  brought  about  by  elevated  PGE2  is  able  to  mediate  the  proliferation 
of  NFl  Schwann  cells. 

Similar  to  our  findings,  numerous  reports  have  shown  that  the  activation  of  PKA 
in  Schwann  cells  results  in  cell  proliferation.  For  example,  Lee  et  al.  (1999)  reported 
that  the  axolemma  enriched  fi*action  (AEF)  induces  Schwann  cell  proliferation  via  the 
activation  of  PKA  and  CREB  phosphorylation  (Lee  et  al.,  1999).  Tabemero  et  al., 
showed  that  PDGF  BB  is  able  to  stimulate  the  phosphorylation  of  CREB  in  normal 
Schwann  cells  (1998).  It  has  also  been  repeated  that  neuregulin  stimulates  Schwann  cell 
proliferation  via  PKA  (Kim  et  al.,  1997).  Thus  activation  of  the  cAMP/PKA  pathway  is 
important  for  the  proliferation  of  Schwann  cells.  However,  the  exact  mechanism  for 
activating  PKA  in  normal  Schwann  cells  is  unknown.  Given  the  elevation  of  cAMP  in 
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NFl  Schwann  cells,  it  is  reasonable  to  believe  that  increased  activation  of  PKA 
contributes  to  the  aberrant  proliferation  characteristic  of  these  cells. 

The  increased  cAMP  levels  in  NFl  Schwann  cells  may  be  due  to  abnormal 
prostaglandin  metabolism.  Prostaglandin  PGEi  induces  the  proliferation  of  NFl 
Schwann  cells  (figure  35).  We  found  that  the  addition  of  exogenous  prostaglandin 
further  stimulates  the  proliferation  of  NFl  Schwann  cells  (figure  35).  As  shown  in 
figure  34,  the  elevated  cAMP  levels  due  to  PGE2  contribute  to  the  proliferation  of  NFl 
Schwann  cells.  Similar  to  our  findings,  elevating  cAMP  levels  in  Nfl -deficient  mouse 
Schwann  cells  also  result  in  Schwann  cell  hyperplasia  (Kim  et  al.,  1997).  In  contrast  to 
our  studies,  Kim  and  co-workers  used  the  pharmacological  agent  forskolin  to  elevated 
cAMP  in  Schwann  cells,  while  in  our  studies  the  physiological  stimulus  prostaglandin 
was  used  to  elevate  cAMP. 

Within  the  tumor,  in  addition  to  Schwann  cells  themselves  there  are  several  other 
sources  of  prostaglandin  that  may  contribute  to  the  proliferation  of  NFl  Schwann  cells. 

A  previous  report  has  shown  that  mast  cells  are  able  to  secrete  prostaglandin  (Marshall  et 
al.,  1999).  Mast  cells  have  been  shown  to  be  present  in  significant  numbers  in  NFl 
tumors  (Isaacson  et  al.,  1976;  Ricardi  et  al.,  1982).  Thus  secretion  of  prostaglandin  by 
mast  cells  within  the  tumor  could  contribute  to  the  elevated  levels  of  cAMP  levels  in  NFl 
Schwann  cells.  However,  the  source  of  prostaglandin  may  also  be  the  Schwann  cells 
themselves.  We  report  that  NFl  Schwaim  cells  secrete  elevated  levels  of  prostglandins 
compared  to  normal  Schwann  cells  (figure  28).  Similar  to  our  findings,  a  previous  report 
has  shown  that  mice  Schwann  cells  are  able  to  secrete  prostaglandin  E2  (Constable  et  al., 
1994).  Although  cAMP  levels  and  prostaglandin  secretion  do  not  directly  correlate  with 
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cAMP  levels  in  NFl  Schwann  cells,  prostaglandin  may  still  contribute  to  the  formation  of 
NFl  tumors. 

The  prostaglandin  PGE2  may  contribute  to  the  proliferation  of  NFl  Schwann  cells 
induced  by  growth  factors.  We  report  that  the  proliferation  of  NFl  Schwann  cells  in 
response  to  PDGF  BB  is  mediated  by  increased  synthesis  of  PGE2.  Inhibitors  to  enzymes 
synthesizing  PGE2,  (indomethacin  and  NS398)  decreased  the  PDGF  BB  stimulated 
proliferation  of  NFl  Schwann  cells  (figure  37).  Similar  studies  using  Cox  inhibitors 
have  also  shown  decreased  proliferation  in  colorectal  tumor  and  glioma  cells  (Richter  et 
al.,  2001;  Joki  et  al.,  2000).  In  addition,  we  report  that  NFl  Schwann  cells  express  higher 
levels  of  CPLA2  and  Cox-2  expression  than  normal  human  adult  Schwaim  cells  (figure 
31),  suggesting  that  these  2  enzymes  may  play  a  role  in  NFl  tumor  formation.  The 
CPLA2  releases  the  substrate  arachidonic  acid  from  endogenous  phospholipids,  which  is 
then  converted  to  prostaglandin  by  Cox-2.  The  role  Cox-2  in  cell  hyperplasia  has  well 
been  documented  in  colorectal  cancer  cells.  Several  studies  have  reported  that  growth 
factor  induced  proliferation  of  colorectal  cancer  cells  is  mediated  via  the  increased 
expression  of  Cox-2  and  increased  synthesis  of  prostaglandin  (Coffey  et  al.,  1997; 
Chinery  et  al.,  1999).  Thus  the  aberrant  prostaglandin  metabolism  may  contribute  to  the 
proliferation  of  NFl  Schwann  cells  leading  to  tumor  formation. 

The  increased  prostaglandin  receptor  expression  in  NFl  Schwaim  cells  may 
contribute  to  the  aberrant  proliferation  of  NFl  Schwann  cells  in  response  to  secreted 
prostaglandin.  We  report  that  normal  human  Schwann  cells  express  only  the  EP4 
receptor  subtype,  while  NFl  Schwann  cells  express  the  EP2  and  EP4  receptor  subtypes 
(figure  33).  These  receptor  subtypes  are  coupled  with  cAMP  metabolism  in  numerous 
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cell  types  (Coleman  et  al.,  1994).  Activation  of  the  additional  EP2  receptor  by  secreted 
prostaglandins  may  contribute  to  elevated  levels  of  cAMP  leading  to  Schwann  cell 
proliferation.  However,  we  have  only  demonstrated  the  mRNA  expression  to  all  these 
receptors;  protein  expression  by  Western  blotting  still  needs  to  be  done  to  verify  protein 
expression. 

Conclusion 

Our  results  suggest  that  the  loss  of  nemofibromin  in  Schwann  cells  correlates  with 
numerous  intracellular  signaling  abnormalities  leading  to  tumor  formation  as  summarized 
in  figure  39.  We  determined  some  of  the  metabolic  changes,  which  can  accoimt  for  the 
increased  cAMP  levels  in  NFl  Schwann  cells:  increased  expression  of  adenylyl  cyclase 
subtypes,  increased  expression  of  the  prostaglandin  receptor  isoform,  and  increased 
secretion  of  prostaglandin.  In  addition,  the  elevation  of  cAMP  by  exogenous  PGE2 
stimulated  the  proliferation  of  NFl  Schwann  cells.  Finally,  both  Cox-2  and  PKA 
contribute  to  the  proliferation  of  NFl  Schwann  cells  induced  by  PDGF  BB.  Taken 
together,  the  aberrant  prostaglandin  metabolism  and  elevated  cAMP  metabolism 
contributes  to  the  aberrant  proliferation  of  NFl  Schwann  cells. 


